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towards the Measurement of Mitochondrial Membrane Potential in Single Cells
Mitochondrial membrane potential (∆Ψm) in cells is a critical biological parameter that
is related to diseases such as cancer through biological processes including metabolism,
oxidative stress and apoptosis. Studying ∆Ψm in normal and diseased states is limited by
significant challenges associated with the current state-of-the-art methods for measurement,
particularly fluorescent dyes, which are often toxic and photobleaching. The aim of this
work was to develop electrical and chemical sensing methods to enable sensitive detec-
tion of changes in ∆Ψm in single cells. Fluorescent Nitrogen Vacancy Centres (NVCs) in
nanodiamond were identified as potential sensors of electric field that could be applied in
living cells to directly measure ∆Ψm. Furthermore, Raman spectroscopy was identified as a
label-free chemical sensing technique that could be used to reveal the location and chemical
composition of the mitochondria in cells. To achieve the aim of detecting changes in ∆Ψm
using these two methods, complementary NVC and Raman measurements in live cells were
needed. Initially, a specialised microscope was designed, built and validated to enable dual
measurement of both NVC fluorescence and Raman spectroscopic signals simultaneously.
Next, protocols and analysis techniques were developed for live cell Raman microscopy
using a commercial reference instrument. An investigation of the impact of nanodiamonds
as nanoparticles for biological sensing within live breast cancer cells, including surface
modification by oxidation, was then conducted. By developing both techniques together, this
project leverages the complementary advantages of long time course measurement, common
laser excitation, the observation of nanodiamonds via Raman signal, with live single cell
interrogation. The thesis concludes with an outlook on the future development needed to
utilise NVCs and Raman spectroscopy in the measurement of cellular ∆Ψm. Achieving this
goal in future will provide new biological understanding of ∆Ψm in normal and disease states,
allowing us to follow over time changes in ∆Ψm in response to biological processes such as
apoptosis in single cancer cells.
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1.1 a) A schematic of the organelles inside a typical eukaryotic cell as pro-
duced by Ball et al. [3]. b) Electron tomographic image of a mammalian
mitochondrion [4]. Outer Mitochondrial Membrane (OMM), Inner Mito-
chondrial Membrane (IMM) and Cristae (C) are shown, with the blue arrows
labelling the tubular regions that connect the cristae to the periphery. The
mitochondrial membrane potential is maintained across the IMM. . . . . . 1
1.2 Picture of the Electron Transport Chain from El Bacha et al. [5]. Electrons are
passed through the electron transport chain complexes 1-4 (C1-4), including
the reduction and oxidation of cytochrome c. Hydrogen ions are pumped
across the membrane by these complexes, creating power for ATP synthesis
at complex 5 (C5) by forming ∆Ψm and ∆pH. Forming ATP is the metabolic
rate of the cell, in a process called oxidative phosphorylation. . . . . . . . . 3
1.3 Reactive Oxygen Species (ROS) are highly unstable molecules produced
at the cell membrane from oxygen gas. Complex 1 and Complex 3 (C1
and C3) are part of the Electron Transport Chain (Figure 1.2) that slow
’leak’ superoxide anions (•O−2 ), which may lead to over types of ROS. ROS
production is greatly increased if |∆Ψm| is increased, and if complex 5 is
inhibited. Information from [6, 7]. . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Relationship between ∆Ψm, ion channels, and apoptosis. Inhibition of potas-
sium channel Kv1.3 increases |∆Ψm|, generating ROS and leading to cy-
tochrome c detachment for apoptosis activation. Kv1.3 and Mitochondrial
Calcium Uniporter (MCU) channel also open the Permeability Transition
Pore (PTP), another event that can lead to cytochrome c detachment and
subsequent apoptosis, as well as reducing ∆Ψm. The activation of other
potassium channels KCa and KATP provide an antagonist force, working to
close PTP. This figure was created from information in [8, 9]. . . . . . . . . 5
xviii List of figures
1.5 Diamond fabrication methods. a) High Pressure High Temperature synthesis
of nanodiamonds involves crushing carbon materials in an anvil. Figure is
reproduced from the SubsTech web knowledge source [10]. b) Diamonds
can be grown from seeds in Chemical Vapor Deposition and then milled to
size. Figure is reproduced from Ashfold et al. [11]. c) This figure describes
Detonation Nanodiamond fabrication, where a explosive pressure wave is
used to create nanodiamonds. Figure from Mochalin et al. [12]. . . . . . . . 11
1.6 Diamond can host a range of fluorescent colour centres, emitting across the
wavelengths shown. [13]. This project will focus on the NV− centre. . . . . 12
1.7 a) A nitrogen-vacancy centre (NVC) exists in a carbon lattice (grey) and
consists of a substitutionary nitrogen and vacant lattice site [14]. (b) This
produces an energy level system that can be addressed with optics and
microwaves. ms =±1 are shown separated, as in the presence of a magnetic
field. The frequency gap between ms =±1 and ms = 0 is ≈ 2.88 GHz [15]. 13
1.8 Optically Detected Magnetic Resonance reads out the energy levels of NVCs
and is the key method of Nitrogen Vacancy centre metrology. It depends on
the shift of energy levels. a-c) A nitrogen vacancy centre has the energy levels
shown. Three black dots demonstrate the current state for three different
repetitions. Without microwaves, the NVC is promoted to the excited levels,
but then returns to its original state. Both of these transitions are spin
preserving so an NVC in spin ms = 0 will return to it. d-g) This shows
the same with the addition of microwaves. These microwaves can provide
transition between the ground state energy levels, if the transition frequency
is met (e). This then means that the NVC has the opportunity to be promoted
to different excited levels under the green excitation. If it is promoted to
ms =+1 or −1, then there is the opportunity for a decay that is not optically
radiative. Therefore, if the microwave transition in (e) occurred, then the
amount of fluorescence observed is reduced. In this way it is possible to
determine the energy levels of the NVC, which sensitively depend on physical
properties such as temperature. . . . . . . . . . . . . . . . . . . . . . . . . 14
List of figures xix
1.9 Detailed structure of NVC energy levels. In the absence of magnetic field
ms = ±1 states are degenerate at the fine structure level. The ms = 0 and
ms = ±1 states are split by spin interactions with the nitrogen nucleus of
the NV centre into hyperfine levels of mI = 0 and mI =±1. These are then
shifted in response to transverse electric fields, and these energy levels and
their shifts can be measured with ODMR (Figure 1.8). See text for explicit
formulae for W0 and W1. . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.10 Nitrogen-vacancy centres (NVCs) have been used for biological measure-
ments. a) An early example of this was in measuring the temperature change
required to kill a human embryonic fibroblast cell (WS1). This was achieved
by ODMR on two nanodiamond NVCs inside the cell with heating from a
gold nanoparticle up to 72±6 K [16]. b) Detection of magnetic structures
inside magnetotactic bacteria was performed for this first time in ambient con-
ditions using NVC ODMR in bulk diamond [17]. c) Thermometry was also
achieved in bovine embryos with NVC ODMR, and verified by Lanthanide
nanoparticles [18]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.11 a) An energy diagram of a spontaneous Raman scattering event. The photon
after the collision carries information about the possible energy levels of the
molecule. b) A Raman hyperspectral datacube. This is collected by taking a
spectrum at every point in a two dimension plane. This figure was created by
Schie et al. [19] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.12 Raman microscopy can be used for live cell mapping. a) The simplest spatial
maps are obtained by peak integration of the Raman spectrum. These were
obtained by integration of characteristic bands for phospholipids (720 cm−1),
DNA & RNA (785 cm−1), RNA (813 cm−1), proteins (1007 cm−1) and all
biomolecules in the range of 2830–3030 cm−1 [20]. b) Raman microscopy
can reveal intracellular components such as actin (red), nucleus (blue) and
golgi apparatus (green). This study developed a mutual information approach
to compare to fluorescent dyes [21]. c) Mitochondria have also been imaged
with Raman microscopy and co-registered to MitoTracker Green [22]. . . . 23
2.1 Simulation of the effect of different laser excitation linewidths on the col-
lected Raman spectrum. The peaks are a close representation of a cell
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2.2 A Computer Aided Design image of the water-tight substrate holder. a) The
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2.3 A diagram of a conventional spectrometer. Conventional spectrometers
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2.4 The optical setup combines simultaneous fluorescence detection and Raman
spectroscopy. The fluorescence channel is suitable for detecting Nitrogen Va-
cancy Centres (NVC) in diamond using an Avalanche Photodiode (>605 nm)
with simultaneous Raman spectroscopy achieved using a Tornado Hyper-
flux™ U1 spectrometer. Both processes are dependent on excitation by one
532 nm laser, and both are collected confocally. . . . . . . . . . . . . . . . 38
2.5 Spectral transmission into the two detection channels - Nitrogen Vacancy
(NV) centre fluorescence and Raman spectroscopy. a) A simulation created
by combining spectral profiles of components. This is displayed as the
fraction of light that would be transmitted at each wavelength. Spectral
data was downloaded from the relevant manufacturers’ websites. NVC
and Raman cell data are shown for reference. b) The spectral transmission
profile of light throughput as detected experimentally in the NV fluorescence
Avalanche Photodiode and Tornado spectrometer that are the usual detectors
in the setup. This was measured by sequentially changing a monochromator
to input different wavelengths into the custom microscope. Both the Raman
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2.6 a) NV centre saturation curve with half saturation NV counts at 4360±70
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dramatically increased on our system, relative to a commercial system, with
our system achieving 18× the signal-to-noise ratio due to the inclusion of
the high throughput virtual slit. . . . . . . . . . . . . . . . . . . . . . . . . 44
List of figures xxi
2.7 a) Spatial scan of NVCs to determine lateral resolution in the fluorescence
channel. The smallest spot size observed was 290±30 nm (arrow 1), with
arrow 2 measured at 300±10 nm. b) Spatial scan of deposited nanodia-
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with each spectra vertically shifted by a constant amount. Tyrode HEPES
solution showed a small amount of fluorescence, slightly increasing their
baseline. Tyrode HEPES, LCIS, LCIS with glucose showed Raman peaks
at 1454 cm−1 and 1046 cm−1, in addition to the water peak at 1640 cm−1
that is common to all of them. Data from Surmacki et al. [2]. c) A cell
growth experiment in different media. The fastest cell growth was observed
in complete medium with serum. In absence of serum, cells grown in media
also reached the maximal confluency, but at a later stage. Cells grown in
HBSS and LCIS did not proliferate and their numbers remained constant.
Maintaining cells in PBS with glucose resulted in their death. . . . . . . . . 66
3.7 Software used for Raman hyperspectral data analysis - python, Jupyter and
Hyperspy. a) The Python programming language is open source and easily
used in a browser-based Jupyter notebook. b) Hyperspy is a Python library
built for hyperspectral data analysis [25]. c) Hyperspy allows graphical
navigation of the data by conveniently separating navigation and signal
dimensions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.8 Principal Component Analysis on an area scan of an A549 cell. Completed
without any prior data processing to demonstrate which types of processing
are required. a) Principal Component (PC) spectra 0-5 show the directions
of most spectral variation. b) PC0. An intracellular component that is
mixed with top to bottom heterogeneity of the image. c) PC1. This is the
clearest outline of the cell and depends on the CH peak at 2807–3025 cm−1.
d) PC2. Another image that displays top to bottom heterogeneity, with a
cellular component mixed in. The corresponding spectrum in (a) shows anti-
correlation between water (3000–3700 cm−1) and quartz (250–550 cm−1),
indicating that lower in the image, the imaging collection plane moves higher
relative to the sample plane (i.e. in the axial (z) direction, up out of the page).
e) PC3. The variation corresponding to a cosmic ray on the detector. In (a),
this is shown as a very narrow and intense spike. f) PC4. An intracellular
component of the cell. g) PC5. Lipid droplets inside a cell, as identified by
the positive spike in 2815–2915 cm−1, the lower half of the CH peak. . . . 71
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3.9 Principal Component Analysis on an area scan of an MRC5 cell. Completed
without any prior data processing to demonstrate which types of processing
are required. a) Principal Component (PC) spectra 0-5 b) Spatial map of PC0
- has artefactual heterogeneity between the top and bottom of the spatial field.
Appears to have a strong nuclear component of the cell. c) PC1 - makes a
good cell outline, from the cell CH bond 2807–3025 cm−1, including some
component from lipid droplets. d) PC2. The clearest component of top (near
y = 0) and bottom (near y = 30) heterogeneity. The associated spectrum (2)
shows that there is a anti-correlation between water (3000–3700 cm−1) and
quartz (250–550 cm−1), implying that the sample is angled relative to the
imaging plane. e) PC3. A component with information about intracellular
organelle distribution. f) PC4. A cosmic ray given a one pixel spike event
that is independent of the sample. This can be seen in (a), in the associated
spectrum. g) PC5. Another cosmic ray, mixed with intracellular signal. . . . 72
3.10 Sequential steps for Raman pre-processing to remove artefacts from the
data shown on an example single spectrum from A549 cells. The data is
originally collected (blue) on a CCD camera, and therefore is affected by
artefactual cosmic rays. There are removed with an in-built function of
Hyperspy based on derivatives and inspection (blue to orange). A fluorescent
background from the cells is also collected and removed via polynomial
subtraction (orange to green). Data are then smoothed with a Savitzky-Golay
smoothing algorithm to reduce noise (green to red). The spectra are then
cropped between 818–3072 cm−1 to remove the quartz and water peaks (red
to purple). After this, spectra are then normalised by a scale factor to absolute
area under curve (ie negative values are taken as positive and then integrated),
known as ‘Manhattan’ normalisation (normalised spectrum not shown here). 74
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3.11 Cell detection with Raman data using different analysis methods. a) Peak
integration between 1160–1504 cm−1 reveals some of the cell before any
pre-processing. b) Peak integration between 1160–1504 cm−1 reveals some
of the cell after all pre-processing (cosmic ray removal to normalisation). c)
Peak integration between 2806–3025 cm−1 leads to a better segmentation
of the cell, with the thinner area at the edge also being included and the
surrounding background successfully removed. d) Peak integration between
2806–3025 cm−1 after processing gives a similarly good cell identification as
(c). e) Principal Component 1 (PC1) before processing provides near-perfect
segmentation that includes the cell periphery. f) PC1 after processing. g)
K-means cluster analysis with two clusters fails to capture cell periphery
and has top to bottom heterogeneity. h) K-means cluster analysis with two
clusters after data processing correctly finds the cell, though excludes the
periphery. i) K-means cluster analysis with three clusters places another
cluster inside the main body of the cell. j) K-means clustering of three
clusters after processing is the most successful at usefully discriminating the
whole cell, including its centre and weak periphery. k) A Raman spectrum
of the clusters in (j) indicate that the cell periphery contains cellular peaks in
the CH region of 2807–3025 cm−1. . . . . . . . . . . . . . . . . . . . . . 76
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3.12 Different techniques to detect an MRC5 cell. a) Peak integration in the region
1159–1503 cm−1 without any prior processing. This is successful for the
main cell body, but fails to segment the cell periphery, and also includes
some background points. b) Peak integration in the region 1159–1503 cm−1
without any prior processing. This segmentation is similar, with no cell
periphery, and some background points included. c) Peak integration in the
region 2806–3024 cm−1 without any prior processing. The cell periphery is
partially included. d) Peak integration in the region 2806–3024 cm−1 after
processing. The cell is well segmented, with only a few external points
wrongly included. e) PC1 before processing segments only the cell body,
and the image is again similar to (c). f) PC1 after processing. g) K-means
clustering on unprocessed data for two clusters finds the main body of the
cell. h) K-means clustering on processed data into two clusters captures part
of the cell periphery in addition to the main cell body. i) K-means clustering
on unprocessed data into three clusters. This shows the main cell body, as
well as some information on intracellular components. j) K-means clustering
on processed data reveals cell periphery and cell body clearly. k) The spectra
of the clusters in (j). The cell periphery cluster (dark grey), contains peaks
similar to the cell body in the CH peak region 2807–3025 cm−1. . . . . . . 77
3.13 Peak integration and Principal Component Analysis of Raman signal to
observe intracellular components in an A549 cell. a) Peak integration in
the range 1393–1508 cm−1. b) Peak integration of the CH peak 2806–3024
cm−1. c) Peak integration in the region 2920–3021 cm−1 shows a separate
intracellular component in the centre of the cell(s). This corresponds to the
upper half of the CH peak. d) Principal Component spectra of the data, with
integration regions marked. e) PC1 shows similar spatial distribution to the
CH peak (b), with lipid droplets highlighted. f) PC2 shows a similar region
to (c) peak integration, with the upper half of the CH peak being a major
component. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
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3.14 Peak integration and Principal Component Analysis of Raman signal to
observe intracellular components in an MRC5 cell. a) Peak integration in the
range 1393–1508 cm−1 reveals intracellular components in the cytoplasm. b)
Peak integration of the CH peak, in 2806–3024 cm−1 leads to segmentation
of cytoplasmic components, such as lipid droplets. c) Peak integration of
the upper half of the CH peak 2920–3020 cm−1 reveals the nucleus of the
cell. d) Principal component spectra 1 and 2, with the regions of integration
marked. e) PC1 is again similar to 2806–3024 cm−1 f) PC2 marks a nuclear
component, marking a similar region to (c). . . . . . . . . . . . . . . . . . 79
3.15 K-means clustering on an A549 cell to display organelles. a) Some top
to bottom heterogeneity (y = 0 to y = 30) can be seen in the clusters. b)
Cosmic Ray Removal seems to make little difference to the sub-clusters. c)
Background subtraction removes most of spatial correlation in the clusters.
d) Smoothing does not alter the clustering from background subtraction very
strongly. e) Shortening the spectra restores the appearance of intracellular
spatial clusters. f) Normalisation creates clusters that are similar to (h) and
(i). g) The Raman spectra of the clusters shown in (f). Clusters have been
assigned as described in the main text. A549 Cluster 0 (AC0): background
medium; AC1: cell periphery; AC3: cytoplasmic component; AC5: nucleus;
AC6: cytoplasmic component; AC7: lipid droplets. (h) Fluorescent staining
using NucBlue (Blue) shows the nuclear region. h) Independent analysis
from Dr Jakub Surmacki using WITec Project Plus for data analysis, as
published in Surmacki et al. using the same pre-processing techniques [2]. . 81
3.16 K-means clustering on an MRC5 cell to display organelles. a) Some clusters
are more pronounced at the bottom of the cell (y = 20) indicating artefactual
heterogeneity. b) Cosmic ray removal again makes no noticeable difference
to the sub-clusters. c) Background subtraction seems to decrease spatial
correlation in the clusters. d) Smoothing again does not alter the clustering
from background subtraction very strongly. e) Shortening the spectra causes
more spatial clustering of the k-means clusters, though still with y-direction
heterogeneity. f) Normalisation creates clusters that are similar to (h). g) K-
means cluster spectra from (f). Clusters were assigned by peak information
as described in the main text. h) Independent analysis of the data from Dr
Jakub Surmacki using WITec Project Plus for data analysis as published in
Surmacki et al. [2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
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3.17 An A549 cell were scanned 15 times at a beam path laser power of 9.8 mW
over a period of 3 hours. K-means clustering was applied to each Raman
scan independently, in the same way as described in Figure 3.15. Colours
represent arbitrary labels for the clusters. Image (a) labels the nuclear region
(N, in brown) and the Cell Periphery (CP, in green). Scans (a)-(p) show the
recession of the cell periphery as the cell is damaged, and scans (n)-(p) show
the disintegration of the nuclear cluster. . . . . . . . . . . . . . . . . . . . 85
4.1 Nanodiamond oxidation by heating in air. a) A photograph of graphitic
and oxidised nanodiamonds at 1 mgml−1 in water shows a colour change
after oxidation. b) Temperature profile for the procedure of nanodiamond
oxidation. This was performed in air. . . . . . . . . . . . . . . . . . . . . . 94
4.2 Thermogravimetric analysis to establish appropriate conditions for oxidation.
Heating nanodiamonds in air on a weight balance indicates that 450 ◦C is
an appropriate temperature to oxidise the surfaces of nanodiamonds. a)
The mass of a nanodiamond sample as the furnace temperature is increased
causing the diamonds to burn. b) The mass change plot is the derivative
of (a) and shows that the onset of major mass loss occurs at 535±1 ◦C
and 537±1 ◦C for the two samples. c) Temperature plateaus at 450 ◦C and
650 ◦C show that 450 ◦C only causes slow mass loss. d) A zoomed version
of (c) on the 450 ◦C temperature plateau where it is observed to cause mass
loss at -1.20±0.02%/hour. . . . . . . . . . . . . . . . . . . . . . . . . . . 96
4.3 FTIR scan parameter optimisation. a) Scanning air at different spectral
resolutions 0.5–4 cm−1, zoomed in on the carbon dioxide peak. Choosing
a spectral resolution more precise than 2 cm−1 causes oscillations that are
artefacts that obscure the signal. These are likely a result of inference of a
part of the instrument [26]. b) The ethanol standard spectrum (blue) was
downloaded from Collection© 2009 copyright by the U.S. Secretary of
Commerce. The orange spectrum is the FTIR spectrum of ethanol on a NaCl
slide, with the same slide used as a background. The green spectrum the
FTIR spectrum of ethanol on a NaCl slide, with a different NaCl slide used
as a background. The FTIR results are higher resolution than the standard
sample, but otherwise similar. Using the same slide or a different slide as
background seems to be make no difference to the result. . . . . . . . . . . 99
4.4 Protocol for nanodiamond uptake experiment into cells. . . . . . . . . . . . 102
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4.5 a) Excitation and emission spectrum for nanodiamond particles. For the
excitation spectrum, signal was collected between 650–750 nm (grey shaded
region) and the excitation was varied (grey line). The excitation spectrum
asymptotes to a maximum as it approaches the detection region. b) For
the emission spectrum, the nanodiamonds were excited at 532 nm (green
vertical line) and the collection was repeated three times at 10 nm bandwidth
from 550–750 nm (blue, orange and black lines). and the emission spectrum
does likewise as it approaches the excitation. The best explanation for these
data is that it is elastic scattering from the particles that produces the signal,
rather than any fluorescence from the nitrogen-vacancy centres. This is likely
Rayleigh scattering. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.6 a) Image of nanodiamond uptake experiment in MCF7 cells. Blue is nucleus
(NucBlue staining), orange labels the cell membrane (Wheat Germ Agglu-
tinin -AlexaFluor488nm) and white labels the nanodiamonds (as seen by
light scattering). b) A segmented version of (a), for quantification. Blue is
nucleus, white is membrane and red is nanodiamond. Details are provided in
Figure 4.7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
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4.7 Image processing for nanodiamond uptake quantification in Fiji/ImageJ
[27]. a-d) Nuclei segmentation. a) The image channel of the NucBlue stain.
ImageJ Automatic Threshold was set on these intensities to produce (b).
The mask of (b) is then filled for holes, dilated three times and the filled
for holes again to produce (c). Particles smaller than 50 pixels (7 µm) are
then removed to form image (d). e-h) Cell membrane segmentation. e)
The WGA-AF488nm channel (contrast corrected). A threshold was set by
inspection on MCF7 and MDA images as 13/255. The holes were then filled
to produce (f). The image was then dilated three times to complete the cell
outlines and then all holes were filled to produce (g). (g) was then eroded five
times and Binary Feature Extraction [28] was used in combination with (d)
to remove areas of membrane that did not contain a nucleus. The erosion was
necessary as the previous dilations had expanded the cells beyond their true
boundaries. i-k) Diamond selection in order to count only nanodiamonds
that are inside cells. i) Light scattering signal from the sample. Thresholding
of this image was chosen by considering MCF7 and MDA images and set to
155/256 to produce (j). Then Binary Feature Extraction is used select only
diamonds in the area outlined in (h), which corresponds to the boundaries of
cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.8 Graphite is effectively removed by heating at 445±5 ◦C for 5 hours. Raman
spectra show that the graphitic signal (1575 cm−1) is reduced relative to the
diamond signal (1332 cm−1) after heating. At 425±5 ◦C, the area under the
curve is reduced by 59±2% indicating the sample has been oxidised (p =
2.2×10−12). At 445±5 ◦C, the area under the curve is reduced by 76±9%
indicating the sample has been oxidised compared to the original graphitic
nanodiamonds (p = 2.2×10−12). The nanodiamonds at 445±5 ◦C have
significantly reduced graphitic signal compared to 425±5 ◦C, showing a
42±9% relative decrease (p = 2×10−7). NData Points = 16000. The additional
noise on the 445±5 ◦C data is a result of unintentionally leaving a reflective
beamsplitter in the optical path. . . . . . . . . . . . . . . . . . . . . . . . . 106
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4.9 Nanodiamond characterisation by FTIR spectroscopy. a) Fourier Transform
Infrared Spectroscopy (FTIR) of nanodiamonds, normalised to the C=C
bond peak (ii) between 1430 cm−1 and 1490 cm−1. The peaks for carboxyl
C=O (i) at 1786 cm−1 and C-O-C (iii) 1089 cm−1 show a relative increase
after oxidation. NSample = 1. Note that the peak at 2350 cm−1 is only
CO2 from the air, not from the sample. b) A zoomed FTIR spectrum,
normalised between between 1550 cm−1 and 1900 cm−1. This shows that
C=O groups are converted into the most oxidised form through the heating
process (1721 cm−1 aldehyde to 1784 cm−1 carboxyl). . . . . . . . . . . . 107
4.10 Comparison of nanodiamond size, before and after oxidation. a) Atomic
Force Microscopy data from individual nanodiamonds measured in air of 861
nanodiamonds. The mean size before oxidation was 8.1±0.2 nm, and after
oxidation it was 7.5±0.2 b) Dynamic Light Scattering measured in water
shows the nanodiamonds aggregate, but the overall size of the aggregates
decreases after oxidation and at lower concentration. c) Nanodiamonds were
added to DMEM/F-12 medium without cells at a concentration of 1 µgml−1
and the aggregates were observed directly with confocal optical scattering
microscopy and plotted between 0.01–1 µm. There was a small reduction in
the average size of aggregates after oxidation. The percentages of aggregates
below 250 nm were 56% and 72% for graphitic and oxidised nanodiamonds,
respectively. 0.01–1 µm d) The same as c, but expanded to visualise the
range from 1–6 µm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
4.11 Nanodiamond uptake observed in MDA-MB-231 cells. Cells were incubated
with 1µg/ml graphitic or oxidised nanodiamonds for 1, 2, 4, 8, 24 and 48
hours before fixation. Cells were then co-stained with NucBlue nuclear stain
and membrane stain Wheat Germ Agglutinin-Alexa Fluor 488. Nanodiamond
scattering signal was detected at 633 nm. An increase in the number of
nanodiamonds within cells may be observed over time up to 48 h (white
arrows denote dense cellular uptake). . . . . . . . . . . . . . . . . . . . . . 110
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4.12 Nanodiamond uptake observed in MCF-7 cells. Cells were incubated with
1µg/ml graphitic or oxidised nanodiamonds for 1, 2, 4, 8, 24 and 48 hours
before fixation. Cells were then co-stained with NucBlue nuclear stain and
membrane stain Wheat Germ Agglutinin-Alexa Fluor 488. Nanodiamond
scattering signal was detected at 633 nm. An increase in the number of
nanodiamonds within cells may be observed over time up to 48 h (white
arrows denote dense cellular uptake). . . . . . . . . . . . . . . . . . . . . . 111
4.13 Nanodiamonds were internalised into cells over time in two different breast
cancer cell lines: (a) MDA-MB-231 and (b) MCF-7 cells. ’Total area per cell’
refers to the total nanodiamond intracellular area in the images divided by
the number of nuclei observed in that image. oxidised diamonds were taken
up in a greater amount than graphitic diamonds (p = 4×10−8 for MDA-MB-
231s and p = 3×10−5 for MCF-7s). NBiological replicates = 2 (control) and 3
(nanodiamond sample). NNuclei = 500±200 per condition for MDA-MB-231
and 430±170 per condition for MCF-7. . . . . . . . . . . . . . . . . . . . 112
4.14 Size distribution histograms from the uptake experiment for the MDA-MB-
231 cell line. The background for 24 h was observed to be anomalous, as it
contained a contamination of scattering particles. It was therefore removed
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4.16 Nanodiamonds have negligible anti-proliferative effect. Graphitic diamonds
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4.17 Graphitic nanodiamonds produced increased levels of cellular oxidative
stress for (a) MDA-MB-231 cells. Graphitic diamonds had a significant
d-statistic (= 4.6 > d-critical = 2.3) and TBHP performed successfully as
the positive control (significant d-statistic = 8.7 > d-critical = 2.3) (b) As
(a) for MCF-7 cells. (significant d-statistic = 5.7 > d-critical = 2.3). TBHP,
the positive control performed as expected 3.6 > d-critical = 2.3. oxidised
diamonds did not increase the cellular stress in either cell line. Oxidative
stress was generally higher at 1h time point for graphitic diamonds. Outliers
greater than 1.5× the interquartile range were not plotted. D-statistics were
used in place of p values, as the sample did not reflect a normal distribution,
and so the analysis was done on ranked data. Nimages = 24, 31, 33, 15, 25,
24, 33, 31 (column order), Ncells = 451, 478, 671, 368, 530, 433, 897, 773. . 116
5.1 a) Nanodiamond functionalisation scheme to target mitochondria. TPP is
triphenylphosphonium. This is devised and worked on by collaborators Dr
Antonia Kerbs, Alexandra Fux and Dr Ljiljana Fruk. b) Chemical structure
of (a). c) Some promising steps on nanodiamond functionalisation have
recently been observed. Modifications of the nanodiamonds are displayed
in this FTIR graph. Firstly, the oxidation procedure outlined in chapter
4 was used to remove graphite and produce oxidised nanodiamonds. The
nanodiamonds were then further oxidised with strong acids and then reduced.
This reduction can be seen in the intensity reduction and shift to 1784 cm−1
of the C=O peak. The nanodiamonds were then coated with dopamine, as
verified by the appearance of a peak in the range 1450–1530 cm−1, and the
relative strengthening of the peak at 1580–1680 cm−1. These are both clear
in the pure dopamine spectrum. Furthermore, there appears to be a shoulder
around 3000 cm−1 (labelled by an arrow), that is also evidence for successful
dopamine attachment to nanodiamond. . . . . . . . . . . . . . . . . . . . . 124
5.2 Aggregates of nanodiamonds at 100µg/ml containing nitrogen vacancy
centres detected inside fixed A549 lung cancer cells. The maximum count
rate is approximately 8000 s−1 at 32 µW of laser power. The concentration of
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1.1 A comparison of the four most common mitochondrial membrane potential
dyes. There are some further disadvantages that are common to all such as
dependence of mitochondrial size, mass, time, multidrug resistance pumps,
as well as leaking and molecule size. . . . . . . . . . . . . . . . . . . . . . 8
4.1 A review of oxidation techniques in the literature implies that most groups use
approximately 400–500 ◦C. Most work above 450 ◦C incurs significant mass
loss and most work uses 4–6 h. Therefore, this implies that it is reasonable




The electrical potential across the boundary of a mitochondrion, an intracellular organelle,
is a critical biological parameter due to its connections with processes such as cell death.
However, current methods to study this are limited by photobleaching and toxicity issues,
impeding progress in this area. Potential new methods of cellular metrology are emerging
including nanodiamonds and Raman microscopy. This thesis examines the properties of these
emerging methods including construction of an instrument to measure them, development of
Raman experimental and analytical protocols, and the biological impact of nanodiamonds.
Fig. 1.1 a) A schematic of the organelles inside a typical eukaryotic cell as produced by
Ball et al. [3]. b) Electron tomographic image of a mammalian mitochondrion [4]. Outer
Mitochondrial Membrane (OMM), Inner Mitochondrial Membrane (IMM) and Cristae (C)
are shown, with the blue arrows labelling the tubular regions that connect the cristae to the
periphery. The mitochondrial membrane potential is maintained across the IMM.
2 Introduction
1.1 Mitochondrial membrane potential
1.1.1 Biological background to mitochondria and Mitochondrial Mem-
brane Potential (∆Ψm)
Mitochondria are a crucial sub-cellular organelle (Figure 1.1a) that are responsible for a wide
variety of processes. They are known as the cell’s executioner for their role in cell death [29],
the energy powerhouse for the their role in releasing energy to the cell [30], and a major
source of highly reactive chemicals called Reactive Oxygen Species (ROS) [6]. These key
organelles are enclosed by the outer and inner mitochondrial membranes (OMM and IMM,
Figure 1.1b, c) that are phospholipid bilayers [4].
The IMM expresses a wide range of ion channels and pumps resulting in the creation
of several crucial ion and molecule gradients as well as the maintenance of a membrane
potential difference between the inner and outer side of the IMM. This causes a force on
charged particles such as protons, given by:
∆p (proton motive force) = ∆Ψm (Mitochondrial Membrane Potential)+∆pH
[31]. The mitochondrial membrane potential difference is finely tuned and is required for
the synthesis of ATP (adenosine tri-phosphate), the cell “energy currency”, by oxidative
phosphorylation [30]. As a result, ∆Ψm is considered an established, highly sensitive
indicator of the health of the cells providing useful insight on cell metabolism and energy
production, the balance of reactive species and cell death [7, 32–34]. In turn, these processes
and their dysfunctions are connected with diseases such as cancer [35], establishing ∆Ψm as
a vital object for biological investigation.
1.1.2 Connections of ∆Ψm with important biological processes
∆Ψm and Metabolic Rate
The metabolic rate of a cell is the rate at which it produces Adenosine Tri-Phosphate (ATP),
the energy carrier of the cell, necessary for powering the processes of life [5]. This process
mainly happens at mitochondria, resulting in their common description as ‘the powerhouse
of the cell’ [36]. ATP is synthesised at mitochondria via the Electron Transport Chain (ETC,
Figure 1.2), in a process called Oxidative Phosphorylation.
In this process, electrons are transferred through membrane complexes (C1-4), and
hydrogen ions are pumped across the membrane. In combination with some other ion pumps,
1.1 Mitochondrial membrane potential 3
Fig. 1.2 Picture of the Electron Transport Chain from El Bacha et al. [5]. Electrons are
passed through the electron transport chain complexes 1-4 (C1-4), including the reduction
and oxidation of cytochrome c. Hydrogen ions are pumped across the membrane by these
complexes, creating power for ATP synthesis at complex 5 (C5) by forming ∆Ψm and ∆pH.
Forming ATP is the metabolic rate of the cell, in a process called oxidative phosphorylation.
a potential is formed across the membrane, providing the energy for complex 5 to form ATP.
This ∆p typically consists of 80-85% ∆Ψm with 15-20% from ∆pH [37, 36].
As a result, ∆Ψm and metabolic rate are intricately linked. For example, a low membrane
polarisation results in insufficient ATP production for the cell [32]. Additionally, a dysfunc-
tion of ATP synthase (complex 5) or a lack of ADP can lead to the hyperpolarisation of the
mitochondrial membrane (|∆Ψm| ↑) [38].
This relationship is also modified in pathological conditions such as cancer. Cancer cells
also have been observed to have lower average ∆Ψm, thought to be a result of their avoidance
of the normal oxidative phosphorylation pathway that is described above [39]. Cancer cells
instead tend to use a glycolytic metabolism, a process that is typically used in normal cells
that are deficient in oxygen. Cancer cells however, predominantly use this glycolytic process
even in the presence of oxygen, known as the Warburg effect [40].
∆Ψm and Reactive Oxygen Species (ROS)
Reactive oxygen species (ROS) are a group of highly unstable molecules that incorporate
oxygen atoms. ROS include chemical species with one unpaired electron, known as free
radicals, such as the superoxide anion (•O−2 ), and are essential to many biological processes
such as cell protection, mitochondrial fission, and mitochondrial removal [41]. They are
often produced at the mitochondria, as shown in Figure 1.3. Under normal circumstances
( |∆Ψm| = 100− 130 mV [38]), ROS are slowly produced at Complexes 1 and 3 of the
Electron Transport Chain, often going on to form hydrogen peroxide (H2O2).
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Fig. 1.3 Reactive Oxygen Species (ROS) are highly unstable molecules produced at the cell
membrane from oxygen gas. Complex 1 and Complex 3 (C1 and C3) are part of the Electron
Transport Chain (Figure 1.2) that slow ’leak’ superoxide anions (•O−2 ), which may lead to
over types of ROS. ROS production is greatly increased if |∆Ψm| is increased, and if complex
5 is inhibited. Information from [6, 7].
In other circumstances, stressful conditions can can increase ROS levels dramatically
[38]. For example, the addition of H2O2, irradiation, or therapeutic drugs can raise |∆Ψm|
to 150− 200 mV, leading to an excessive and exponential generation of superoxide free
radicals [32, 42]. This occurs especially when metabolic rate does not increase with |∆Ψm|
[6], leading to superoxide production at Complex 1 as the complex transports electrons
in the reverse direction to normal [6]. This change may be transient as it is known that
ROS will open the mitochondrial Permeability Transition Pore (PTP), thereby reducing
|∆Ψm| [8]. If large amounts of ROS are produced, then the cell may proceed through its
programmed death mechanisms, known as apoptosis (see below). For cancer cells, it has been
noted that persistently high levels of ROS accelerate their transformation towards heightened
malignancy [43].
∆Ψm and Apoptosis
Apoptosis is the process of programmed, controlled cell death. It is used in multicellular
organisms to remove cells that are no longer needed or are dysfunctional, through a process
that does not damage the surrounding cells [44]. The pathways of apoptosis are highly
sophisticated, with some dependent on extrinsic factors and mediated by cell surface death
receptors, while some are intrinsic, focused around the mitochondria [45].
In the intrinsic apoptotic pathway [44], the cell detects internal problems such as stress
or DNA damage that cannot be rectified and therefore necessitate the response of cell death.
The Bax protein is activated to make pores in the OMM and modify ∆Ψm (as described
below). Then, the IMM Permeability Transition Pore (PTP) opening causes the reduction of
1.1 Mitochondrial membrane potential 5
Fig. 1.4 Relationship between ∆Ψm, ion channels, and apoptosis. Inhibition of potassium
channel Kv1.3 increases |∆Ψm|, generating ROS and leading to cytochrome c detachment
for apoptosis activation. Kv1.3 and Mitochondrial Calcium Uniporter (MCU) channel also
open the Permeability Transition Pore (PTP), another event that can lead to cytochrome c
detachment and subsequent apoptosis, as well as reducing ∆Ψm. The activation of other
potassium channels KCa and KATP provide an antagonist force, working to close PTP. This
figure was created from information in [8, 9].
membrane potential. This decrease as well as the loss of OMM integrity releases cytochrome
c from the mitochondria into the cell cytoplasm. This then continues the chain of apoptosis
by joining with a set of repeating molecules and forming large enzymes called apoptosomes.
From there, these apoptosomes activate the caspase proteins that function to degrade, digest
and kill the cell.
The loss of ∆Ψm is considered the “point of no return” in the process of apoptosis, with
its total loss being the first irreversible event in many controlled cell deaths [46]. This means
∆Ψm can be measured to establish that the cell is committed to die before this phenotype is
displayed in other ways [46]. Changes in ∆Ψm in apoptosis are caused by the actions of ion
channels in the IMM, as summarised in Figure 1.4.
Potassium channels are the most common ion channels in mitochondrial membranes and
therefore are considered important in the process of apoptosis [9]. One ion channel that
is instrumental in intrinsic apoptotic pathways is the mitochondrial Kv1.3 channel. This
potassium channel responds to Bax protein signalling from outside the mitochondria, which
inhibits the flow of potassium inwardly [45, 8]. This then increases |∆Ψm|, causing an
increase in ROS, as described above. These ROS then favour the release of an apoptotic
protein from the IMM, cytochrome c. Cytochrome c will relocate to the cytoplasm, eventually
activating chemicals responsible for the degradation of cellular content [9]. These ROS also
cause the opening of the mitochondrial Permeability Transition Pore (PTP), reducing |∆Ψm|
to below 100 mV, producing further ROS and encouraging further cytochrome c release
[41, 32].
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Some other mitochondrial potassium channels inhibit PTP opening, thereby acting against
the chain of apoptosis. KCa and KATP are channels that are activated by calcium and ATP,
and are understood to reduce ROS production down to levels remaining under the apoptotic
threshold, thereby maintaining ∆Ψm [8, 9].
Channels of calcium and sodium are also know to play a role in apoptosis [45]. The
Ca2+ uniporter (MCU) is another mitochondrial channel that is sometimes involved with this
process. This can act by inducing a permeability transition in the PTP, reducing ∆Ψm and
releasing cytochrome c [45, 8].
However, it should be noted that apoptosis does not always proceed via any of these
pathways, with ∆Ψm depolarisation sometimes happening later [33], or sometimes not
producing cytochrome c despite a reduced membrane potential [47–49], and with the changes
later reversed. Many of these processes remain to be further explored.
The situation becomes more complicated in pathological cells, such as cancer. Cancer
cells widely exhibit resistances to membrane depolarisation and to apoptosis, in part due
to their modified ion channels [43, 45]. These relationships remain complex however, with
some cancers showing increased expression of potassium and MCU channels, while others
showing reduced expression [45]. Nevertheless, ion channels have been identified and used
as a targeting strategy for therapeutics, as apoptotic avoidance via these strategies is known
as a hallmark of cancer [43]. Therefore, research to reactivate apoptosis in cancer cells
continues to progress [45].
1.1.3 Current Methods of Measuring ∆Ψm
∆Ψm is deeply interconnected with the areas of apoptosis, metabolic rate and reactive oxygen
species and these in turn are fundamental in understanding diseases such as cancer. It is
therefore clear that ∆Ψm is an crucial parameter of investigation. The most commonly used
techniques to measure ∆Ψm are fluorescent dyes, with various advantages and disadvantages
associated with them.
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Dye Name Advantages Disadvantages
JC-1
• Green when it is cytosolic but shifts to
red fluorescence when it binds to the
mitochondria. This provides an inter-
nal normalisation [47, 50].
• This dye does not rapidly efflux when
∆Ψm dissipates and therefore is less
useful for graduated measurement.
Best used as a binary indicator [47, 49]
• Influenced by pH, osmolarity, and ox-
idative environment of the cells [51]
• Toxic [51]
• Sensitive to rapid photobleaching
• Particularly sensitive to loading con-
centrations and loading times [52]




• Rapid cellular uptake and equilibration
[53]
• Effective over a timescale of minutes
[52]
• Forms aggregates that quench [51]
• Inhibits mitochondrial respiration [51]
• Toxic to most cells. [47]
TMRM/
TMRE
• Of the dyes, least mitochondrial toxic-
ity [51]
• Responds closely and reversibly to the
Nernst equation [51]
• Can be quantitative [51]
• Affected by temperature [49]
• Depends on the ratio between the con-
centration of dye to number of cells
[49]
• Forms aggregates [51]
• Quenches [51]
• Illumination provokes ROS [51]
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Dye Name Advantages Disadvantages
DiOC(6)
• Most suitable for use in flow cytometry
studies [52]
• Inhibits mitochondrial respiration [49]
• Not specific to mitochondria, also
stains the Golgi apparatus, the or-
ganelle of intracellular transport [53]
• Inhibits respiration [53]
• Cell size, PMP affect intensity [53]
• Depends on pH [53]
Table 1.1 A comparison of the four most common mitochondrial membrane potential dyes.
There are some further disadvantages that are common to all such as dependence of mito-
chondrial size, mass, time, multidrug resistance pumps, as well as leaking and molecule
size.
In addition to the those listed in Table 1.1, there are also other dyes that have been more
recently developed, or less frequently used, such as safranin, oxonol, JC-9, CAI and the
near infra-red dye, NIMAP [53–57]. Fluorescent dyes generally possess advantages such as
ease of use, compatibility with standard confocal fluorescent microscopes, widely developed
protocols, ease of basic data analysis, and wide availability [55].
There are also some disadvantages which affect the performance of all of the fluorescent
dyes. Firstly, dyes are affected by mitochondrial size and mass [51, 52]. Also, they take
time to accumulate and eventually bleach, reducing the time resolution and span that can be
measured [55, 51]. They are also known to have different permeability to different cell types
[55]. In addition, they are affected by multidrug resistance pumps and so cannot reach an
equilibrium that depends only on the potential [51].
There have been multiple efforts to overcome the difficulties associated with fluorescent
dyes. Variations in mitochondrial size can been accounted for by using the ratio between
forward light scattering and side scattering [46]. Other studies have worked to account for
the effects of mitochondria:cell ratio and time lag to produce a quantitative measurement that
are verified to patch clamp measurements [58], although the calibration is lengthy and highly
complex. Overall, the limitations behind fluorescent dyes such as photobleaching have been
understood and only partially overcome.
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In addition to fluorescent dyes, other methods have been used to quantify mitochondrial
membrane potential. In vivo, a technique has been developed for readout with Positron
Emission Tomography (PET) [59]. This technique uses 18F-labelled triphenylphosphonium
(TPP, a moiety that targets mitochondria) delivered into three pigs. These molecules are
lipophilic cations that more greatly accumulate at stronger membrane potential. This suc-
cessfully measured the sum of the cellular plasma membrane potential and the mitochondrial
membrane potential, but this technique cannot distinguish these parameters, and cannot be
used on a single cell level.
Another technique that is used in animals is that of a chemical tracer known as MitoClick
[60]. The accumulation of two other molecules in mitochondria produces MitoClick at a
rate that depends on ∆Ψm. The animals are then subsequently culled, frozen, dissected,
and analysed via liquid chromatography - mass spectrometry for uptake. This has the
disadvantage of providing only a snapshot of a cell or organism, making it difficult to study
biological changes over time. Another disadvantage is the loss of spatial information as
tissues are homogenised before analysis to improve signal.
There are also some measurement techniques that rely on the extraction of mitochondria
from cells for measurement. The most commonly used is patch clamping, as invented by
Neher and Sakmann [61]. After mitochondrial extraction, this usually consists of puncturing
the mitochondrial membrane with a glass micropipette to make an electrical connection with
the inside of a mitochondrion. The current or voltage of the mitochondrion can then be
determined. There are multiple different variants on the patch clamp, and they have revealed
most of our current knowledge of ion channels [62, 63]. However, since this technique
requires the removal and destruction of mitochondria from cells, it is limited in its ability to
studying the connections between ∆Ψm and processes like apoptosis in living cells [58].
Impedance spectroscopy from a Biological Micro-Electronic and Mechanical System
(BioMEMS) is another technique used, with electrodes providing voltage along a microfluidic
channel that contained mitochondria [32]. The impedance of mitochondria was inferred
from the current flow and voltage drop between the electrodes, with increasing impedance
corresponding to decreasing |∆Ψm| [32]. This exhibits the same disadvantages as patch
clamping, however, as mitochondria must be removed from cells for study.
Various nanoparticles have been developed for this purpose of measuring membrane
potential in cells. Semiconductor Nano-Roads (NRs) have been shown as feasible sensors
for membrane voltage by Park et al. [64], although they state the process requires further
development to be successful. The authors state there remain challenges associated with
membrane insertion and variability that limit the success of this technique. Another nanopar-
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ticle approach has been seen with e-PEBBLES, where electric field was measured inside
a cell using encapsulated dye [65]. This was able to measure electric field on a timescale
of minutes in the cell cytoplasm, and it may be feasible to add targeting compounds to the
nanoparticle surface in order to take the nanoparticle to the mitochondria. However, this
experiment observed nanoparticle photobleaching and membrane damage [65], so there
remains a need for a new sensing nanoparticle in this area.
Overall then, there are serious limitations in the current standard measurement techniques
of ∆Ψm and new approaches to this problem should be considered. The hypothesis of this
work is that direct electrical and chemical measurement of the mitochondrial membrane
will enable a more sensitive assessment of ∆Ψm than is possible with any of the current
methodologies that are available as state-of-the-art. Electrical measurement can be made
using Nitrogen Vacancy Centres (NVCs) in nanodiamond and chemical sensing can be
performed with Raman microscopy.
1.2 Nanodiamonds and Nitrogen Vacancy Centres (NVCs)
Nanodiamond metrology with NVCs has the potential to overcome limitations of current
techniques as they have been observed as photostable, non-toxic, precise, specific, local
sensors [66, 16].
1.2.1 Nanodiamonds and their synthesis
Nanodiamonds are tiny crystals of carbon of 1–1000 nm. They generally contain an sp3
carbon core, with sp2 graphitic carbon covering the surface, along with other functional
groups such as carboxyl, hydrogen and hydroxyl groups [67]. They are currently synthesised
via three main procedures - Detonation fabrication, Chemical Vapor Deposition, and High-
Pressure High-Temperature fabrication. These processes are summarised in Figure 1.5.
Detonation nanodiamond synthesis by detonation was first observed in USSR shock
compression tests in the 1960s, and rediscovered in the USA in 1988 [68]. These experiments
rely on decomposition of explosive mixtures in a non-oxidising environment, although the
exact process is still debated [69].
Fabrication of nanodiamond is also widely achieved via Chemical Vapour Deposition
(CVD). CVD is performed by slowly depositing volatile material to build up a solid material
layer by layer. Then the substrate is removed by chemical etching and the nanodiamonds
are separated by techniques such as conventional planetary milling [70] or Bead-Assisted
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Fig. 1.5 Diamond fabrication methods. a) High Pressure High Temperature synthesis of
nanodiamonds involves crushing carbon materials in an anvil. Figure is reproduced from the
SubsTech web knowledge source [10]. b) Diamonds can be grown from seeds in Chemical
Vapor Deposition and then milled to size. Figure is reproduced from Ashfold et al. [11]. c)
This figure describes Detonation Nanodiamond fabrication, where a explosive pressure wave
is used to create nanodiamonds. Figure from Mochalin et al. [12].
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Sonic Disintegration (BASD) [71]. These nanodiamonds tend to be larger than detonation
diamonds, at about 70–80 nm, rather than 4 nm [71, 69].
Creation of nanodiamonds by High-Temperature and High-Pressure (HPHT) synthesis
is also commonplace. One example of this type of synthesis begins with graphitic C3N4
[72] that is heated to 800–2000 ◦C and pressurised to 15–25 GPa. This has been observed to
contain lower impurities and a more uniform size range [72]. There are also beneficial spin
properties of HPHT nanodiamond [73, 74]. There may also be a difference in biocompatibility
as detonation and HPHT diamonds are both non-toxic at low concentrations, but there has
been evidence for detonation nanodiamond toxicity at high concentrations (1 mgml−1) [75].
Nanodiamond particles have shown potential in several different industrial areas including
lubrication, drug delivery, surgical implants, material strengths, and UV protection [76].
Further applications of nanodiamond particles depend on their ability to make physical
measurements via Nitrogen Vacancy Centres (NVCs).
1.2.2 Introduction and physics background to the Nitrogen Vacancy
Centre
Diamond lattices have been observed to contain many different defects in structure and
atomic substitution that produce a wide variety of colours (Figure 1.6). Diamond has an
electronic bandgap in the range 5.47 eV (247 nm), making it transparent in the visible region
[77]. These defects can therefore be optically addressed with laser excitation, and measured
via their fluorescent emission.
Fig. 1.6 Diamond can host a range of fluorescent colour centres, emitting across the wave-
lengths shown. [13]. This project will focus on the NV− centre.
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Research into these diamond colour centres has focused on the Nitrogen Vacancy centre
(NVC), the Silicon Vacancy (SiVC) centre and the Germanium Vacancy (GeVC) centre.
Although the SiVC and GeVC have superior properties in some respects, such as increased
quantum efficiency, the NVC is the most widely used due to its convenient 532 nm excitation
[78], long coherence times [74, 73], and photostability [79]. NVC synthesis in nanodia-
mond has also improved in recent years, with implantation and annealing techniques being
optimised [79].
Independently of fabrication, NVCs exhibit clearly defined energy levels. These arise
from the six unpaired electrons that are localised around the two lattice sites. Since there
are normally 4 valence electrons per carbon atom, the NVC has effectively two spin-12 holes,
which combine to form a spin-1 system of energy levels (Figure 1.7).
Fig. 1.7 a) A nitrogen-vacancy centre (NVC) exists in a carbon lattice (grey) and consists
of a substitutionary nitrogen and vacant lattice site [14]. (b) This produces an energy level
system that can be addressed with optics and microwaves. ms =±1 are shown separated, as
in the presence of a magnetic field. The frequency gap between ms =±1 and ms = 0 is ≈
2.88 GHz [15].
These energy levels depend on physical quantities such as temperature, magnetic field,
electric field and pressure [80–82], and have therefore been developed as sensors for these
quantities. The energy level differences can be read out by a technique called Optically
Detected Magnetic Resonance (ODMR), as explained in Figure 1.8. The detection of electric
field is the most relevant for this project, as the mitochondrial potential will cause an electric
field across the membrane.
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Fig. 1.8 Optically Detected Magnetic Resonance reads out the energy levels of NVCs and is
the key method of Nitrogen Vacancy centre metrology. It depends on the shift of energy levels.
a-c) A nitrogen vacancy centre has the energy levels shown. Three black dots demonstrate
the current state for three different repetitions. Without microwaves, the NVC is promoted
to the excited levels, but then returns to its original state. Both of these transitions are spin
preserving so an NVC in spin ms = 0 will return to it. d-g) This shows the same with
the addition of microwaves. These microwaves can provide transition between the ground
state energy levels, if the transition frequency is met (e). This then means that the NVC
has the opportunity to be promoted to different excited levels under the green excitation.
If it is promoted to ms = +1 or −1, then there is the opportunity for a decay that is not
optically radiative. Therefore, if the microwave transition in (e) occurred, then the amount of
fluorescence observed is reduced. In this way it is possible to determine the energy levels of
the NVC, which sensitively depend on physical properties such as temperature.
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Fig. 1.9 Detailed structure of NVC energy levels. In the absence of magnetic field ms =±1
states are degenerate at the fine structure level. The ms = 0 and ms =±1 states are split by
spin interactions with the nitrogen nucleus of the NV centre into hyperfine levels of mI = 0
and mI = ±1. These are then shifted in response to transverse electric fields, and these
energy levels and their shifts can be measured with ODMR (Figure 1.8). See text for explicit
formulae for W0 and W1.
The nitrogen vacancy energy levels have been comprehensively studied by analytical,
computational and experimental methods [81, 83]. Doherty et al. [83] have shown that
the NVC ground state energy levels can be split by interactions with the nitrogen nuclear
spin (mI) into hyperfine structures which depend on electric field. Iwasaki et al. [15] have
















W0 is the energy splitting on mI = 0 and W±1 is the energy splitting on mI = ±1. ⊥
signifies the perpendicular component to the NV axis. E⊥ is the electric field, σ⊥ is the lattice
strain field, d⊥gs is the electric dipole moment of the electrons, h is the Planck constant and A∥
is the hyperfine splitting constant. While both W0 or W±1 can be measured in ODMR, and
either could be used for determination of E-field, Iwasaki et al. demonstrated that it is easier
to use W±1 in the high field regime [15]. They also note that axial E-fields could be measured
in principle, but the small electric dipole makes this technically difficult in practice:
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d∥gs/h = 0.35 Hz · cm ·V−1 << d⊥gs/h = 17 Hz · cm ·V−1.
Due to its underlying physics, the NVC has several beneficial properties for measurements.
The first is that NVCs have been shown to be highly precise, measuring a single fundamental
charge [82], changes of milli-Kelvin in one second [84], detecting of picolitre volumes with
NMR [85] and 3 nT fields [86]. These measurements are also specific, with pulse sequences
developed to remove the physical effects that are not under consideration [82, 87]. NVC
measurement is also highly local, due to the small size of the host nanodiamonds and the loss
of NVC coupling at longer range [88]. This means that biological cells can be studied by
internalisation of the small nanodiamonds. Furthermore, the NVC centre has been observed
to be exceptionally photostable relative to fluorescent dyes [89].
1.2.3 NVC measurement in biology
Nanodiamonds have been shown to have good biocompatibility, with most studies showing
effects on viability to be low or negligible in cells [90–93] and in animals [94–101]. However,
further work remains necessary to establish nanodiamonds as innocuous at a deeper level
than cell viability. Nevertheless, by considering the properties of NVCs such as sensitivity
and the biocompatibility of nanodiamond particles, there has been strong impetus to apply
these techniques to biological problems at the single cell level.
The earliest example of this was orientation tracking inside cells [14]. In this work,
McGuinness et al. measured the orientation of a single nitrogen vacancy centre using an
acquisition time of 89 ms to a precision of 1°, tracking the diamond over >10 hours. This
kind of tracking is essential for certain kinds of measurements that depend on knowledge of
the orientation [102]. The study also gave possible hints of superoxide radicals produced in
apoptosis, but this was not confirmed. Building on this work, the first physical measurements
of temperature and magnetic fields were performed in cells. Kucsko et al. [16] added
nanodiamonds and gold nanoparticles to embryonic fibroblast cells using silicon nanowires.
They were able to heat the gold nanoparticle and measure the local temperature required
to kill the cell as 72±6 K (Figure 1.10a). This study was remarkable as the authors were
able to achieve a precision of 50 mK at the nanodiamond inside a living cell. However, one
limitation of this study was the lack of nanodiamond targeting or intracellular understanding.
This experiment therefore functioned as a good demonstration of nanodiamond potential, but
did not yield any biological insight.
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A similar experiment was later performed by chemical conjugation between gold and
diamond nanoparticles [103], and then applied to investigate the stability of membranes via
the combined nano-heating and nano-thermometry effects [104]. This work created and
observed hyper-local gradients of temperature, potentially impacting on cancer therapy that
relies on precise destructive local heating. Temperature mapping was achieved at a wider
scale by simultaneous measurement of ODMR across thousands of nanodiamonds in neurons
simultaneously [105] and during the development of live bovine embryos [18] (Figure 1.10c).
The first of these is notable also for the long time course of imaging, making use of the NVC
photostability to collect data over 36 hours. The embryonic study is commendable for using
Lanthanide nanoparticles as an independent validation technique for temperature.
Magnetic fields in cells were measured by De Le Sage et al. and Glenn et al. in
demonstration experiments. De Le Sage et al. successfully imaged natural magnetosome
structures in magnetotactic bacteria [17] (Figure 1.10b), whilst Glenn et al. used magnetic
labelling on cells that were then detected using NVCs [106]. The techniques were unique
in providing sub-cellular magnetic resolution under ambient conditions, and could be used
for study of neurodegenerative disorders, magnetic navigation, or uptake studies. Building
on these advances, magnetic sensing was also performed on neurons to measure live action
potentials via NVC readout [107]. This study was mostly limited by the lack of single-event
action potential detection, and the use of bulk diamond in place of nanodiamond, although
the authors suggest this could be possible in the future.
Developments in pulse sequences enabled magnetic sensing to be developed into Nuclear
Magnetic Resonance and Magnetic Resonance Imaging techniques, mostly in bulk diamond
[108]. This culminated in the first measurement of a single protein under ambient conditions
[109] in 2015, with species such as hydrogen and fluorine distinguished later [110]. From
then, imaging has also been achieved [111], as well as the chemical shifts on small molecules
[85].
1.2.4 Other biological uses of nanodiamonds
Nanodiamonds have shown promise in a variety of other biological applications, outside
of the use of NV measurement. For example, the unlimited photostability of NVCs has
been used for long-term targeting and tracking of stem and cancer cells via fluorescence
[112, 113, 88], as well as observing liver tumours as an MRI contrast agent [114]. Internal
cellular organelles have also been located via nanodiamond functionalisation, including
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Fig. 1.10 Nitrogen-vacancy centres (NVCs) have been used for biological measurements. a)
An early example of this was in measuring the temperature change required to kill a human
embryonic fibroblast cell (WS1). This was achieved by ODMR on two nanodiamond NVCs
inside the cell with heating from a gold nanoparticle up to 72±6 K [16]. b) Detection of
magnetic structures inside magnetotactic bacteria was performed for this first time in ambient
conditions using NVC ODMR in bulk diamond [17]. c) Thermometry was also achieved in
bovine embryos with NVC ODMR, and verified by Lanthanide nanoparticles [18].
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cell surface antigens [115], protein assemblies [116, 117] and the molecules involved in
transmembrane signalling [118].
Another way that nanodiamonds have been widely used is as drug delivery systems.
It has been commonly observed that attaching nanodiamonds to chemotherapeutic drugs
can overcome the multi-drug resistance of cancer cells by reducing efflux [119–121], and
therefore enhances efficacy [122]. Drug delivery via nanodiamond has also been optimised
by enclosing the particles in microfilm devices to control the rate of drug release [123]. Based
on the potency of nanodiamond delivery, other materials have been delivered to cells in this
way, including genes [124] and plasmids [125].
1.2.5 Prospects of the application of NVCs to measure ∆Ψm
Measurement of mitochondrial membrane potential is critical task in exploring important
cellular processes such as apoptosis. The current standard methods exhibit issues such as
photobleaching, toxicity, as well as a lack of quantitative precision, local specificity and
single cell resolution. Nanodiamond metrology with NVCs therefore can therefore provide
transformative new capabilities as they are photostable, non-toxic, precise, specific, local
sensors [66, 16]. Overall then, the measurement of ∆Ψm via its electric field may be one
area that NVCs can provide a transformative new tool to uncover new understanding in
biomedical research.
To achieve this, it is necessary to investigate the biocompatibility of nanodiamonds at a
deeper level than viability, and also to collect complementary cellular information to gain
broader insight into the processes that nanodiamond can measure. For this second aim,
Raman microscopy is a promising candidate.
1.3 Raman spectroscopy
1.3.1 Introduction and physical background to Raman spectroscopy
Raman spectroscopy uses inelastic scattering of light to measure the abundance of chemical
bonds in a sample. Molecules have vibrational energy levels that depend on their symmetry
and electronic bonds. When a photon encounters a molecule, the most common interaction
is elastic scattering. The photon leaves the interaction with the same energy as it possessed
beforehand (h̄ω0), but it may change direction. However, in about 1 in 106-108 interactions
[126], the photon will inelastically scatter by providing energy for the molecule to change
between its vibration energy states, and so leave the molecule carrying a different energy
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Fig. 1.11 a) An energy diagram of a spontaneous Raman scattering event. The photon after
the collision carries information about the possible energy levels of the molecule. b) A
Raman hyperspectral datacube. This is collected by taking a spectrum at every point in a two
dimension plane. This figure was created by Schie et al. [19]
(h̄ω1). It is possible to spectrally filter out elastically scattered photons and detect only
inelastically scattered photons. By measuring the shift in energy (h̄(ω0 −ω1)) from the
known input light, it is possible to infer that the scattering molecular bond has an opposite
energy difference, thereby revealing chemical information about a sample. If the molecule
gains energy overall in this process, then this is classified as Stokes Raman scattering, and if
it loses energy, this is known as anti-Stokes Raman scattering (see Figure 1.11a and Smith et
al. [126]).
There are two main theoretical frameworks that are used to describe Raman scattering
events. The first is classical optics as outlined in detail in Shipp et al. [127]. This starts with
the model of a polarisable molecule in an oscillating electric field. By assuming a small








x0(cos[(ωrad −ωvib)t +φ ]− cos[(ωrad +ωvib)t +φ ])
where α0 is the magnitude of the polarisation, E0 is the amplitude of the applied electric
field, x is the displacement of the charges in the molecule, ωrad is the frequency of the
applied electric field, ωvib is the vibrational frequency of the molecule, t is time, and φ is the
phase of the vibration. From this formalism, it is possible to see that there is an oscillation
at ωrad −ωvib that corresponds to the Raman scattered photon. Furthermore, the radiation
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where µ0 is the magnitude of the induced dipole, and θ is the angle of observation with
respect to the dipole axis. This equation shows that Raman signal is increased with the fourth
power of the frequency (ω4). Furthermore, since µ0 scales linearly with E0, the Raman
scattering intensity (I) increases linearly with the input light intensity (∝ E20 ) [127].
The second theoretical framework is the application of Fermi’s Golden Rule, also de-
scribed in Shipp et al. [127]. This is a quantum mechanical description of Raman scattering,
starting from the equation:
R|i⟩→| f ⟩ ≈ |⟨ f |µi f |i⟩ |2|E0|2δ (ε f )
where R|i⟩→| f ⟩ is the transition rate from the initial state |i⟩ to the final state | f ⟩, µi f is the
perturbation of the Hamiltonian that couples |i⟩ to | f ⟩, E0 is the electric field strength of the
incident light, and δ (ε f ) is the density of states at the final energy. By inserting the dipole
transition for Raman scattering, the rate simplifies to:
R|i⟩→| f ⟩ ≈∑
e
∣∣∣∣ ⟨ f |µe f |e⟩ ⟨e|µie|i⟩ωrad −ωei + iΓe
∣∣∣∣2 |E0|2δ (ε f )
where |e⟩ is an arbitrary excited electronic state, Γe is the linewidth of that state. This
equation again exhibits the quadratic dependence of E20 , as well as describing the transition
as two steps - from |i⟩ to |e⟩, then from |e⟩ to | f ⟩ , where |e⟩ acts as a virtual energy state, as
seen in Figure 1.11a.
Raman microscopy (or ’micro-spectroscopy’) refers to collecting a Raman spectrum
at each point across two spatial dimensions in order to build an image (Figure 1.11b).
Development of these techniques has lead to live cell Raman microscopy that provides
insight into things such as organelles, cell types and apoptosis.
1.3.2 Applications of Raman in cell imaging
Raman microscopy has been developed in live cell imaging so that the major components of
the cell can be identified, such as DNA, RNA, amides, proteins such as phenylalanine, and
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lipids such as fatty acids [19]. These correspond to peaks and groups of peaks, and can be
assigned based on previous research and cellular distribution ([19, 128], Figure 1.12a,c)
Organelle and sub-cellular classification
Localisation of cellular organelles has been a key research theme of Raman microscopy
over time. This leverages the key advantage of Raman spectroscopy that it is label-free,
and can therefore provide classification of areas of the cell into the component organelles
and molecule types without the introduction of a fluorescent dye or other label that may
perturb the system under study. Uzunbajakava et al. were the first to show that fixed
blood lymphocytes and eye lens epithelial cells have completely different internal protein
distributions [129]. This was shortly followed by work from the same group, identifying
RNA using fixed Raman microscopy for the first time [130]. More complete fixed cellular
maps were produced by Krafft et al., who identified the nucleus, cytoplasm, endoplasmic
reticulum, vesicles and peripheral membrane [131]. Details on this process of identification
from the chemical signatures are outlined in Section 3.3.3. Building on the previous work
in fixed cells, this was repeated in live cells, with mitochondrial distribution also measured
[132], followed by protein beta sheets and lipids [133], carbohydrates [134], and synapse-
forming actin [135]. Having developed the subcellular classifications and chemical sensing,
research has focused on understanding their properties and differences, with the metabolism
and composition of lipid bodies being commonly used to distinguish and understand cancer
[136, 137, 21] (Figure 1.12b), as well as similar achievements with proteins and DNA [138].
Another common biomolecule class of investigation are the apoptotic proteins, including
cytochromes [62, 133, 139–141].
Classification of cell type and status
One area that live cell Raman microscopy has been consistently and successfully developed is
in classification of cells, including into different cell types, lines, cycle states, and observing
cellular differentiation.
Raman microscopy for cell type classification has also been used multiple times in cancer
research. For example, Raman microscopy was able to differentiate live human metastatic
melanoma cells from skin fibroblast cells, showing promise as a clinical tool [138]. Raman
microscopy was also used to evaluate the degree of difference between different cells types,
with Swain et al. finding that A549 cells were a less representative model of cancerous lung
tissue than TT1 cells [142]. In another study, Raman microscopy was able to demonstrate
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Fig. 1.12 Raman microscopy can be used for live cell mapping. a) The simplest spatial maps
are obtained by peak integration of the Raman spectrum. These were obtained by integration
of characteristic bands for phospholipids (720 cm−1), DNA & RNA (785 cm−1), RNA
(813 cm−1), proteins (1007 cm−1) and all biomolecules in the range of 2830–3030 cm−1
[20]. b) Raman microscopy can reveal intracellular components such as actin (red), nucleus
(blue) and golgi apparatus (green). This study developed a mutual information approach
to compare to fluorescent dyes [21]. c) Mitochondria have also been imaged with Raman
microscopy and co-registered to MitoTracker Green [22].
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altered lipid metabolism in cancer cells as compared to non-malignant cells, relying on
organelle classification to examine lipid droplets as described above [137].
Another important way that Raman microscopy has been shown to distinguish cells
is in their progress through the process of normal division and growth, known as the cell
cycle. The first phase after division, G1 phase, was first differentiated via nucleic acid
concentrations by Notingher et al. [143] and the other cell cycle phase (G0/G1/G2/M phases)
cells were later discriminated at 97% in other work [144, 145] with correlation to confluency
[146].
Observing cellular differentiation is a key example of the capabilites of Raman mi-
croscopy. Differentiating stem cells (cells that are becoming specialised) were measured by
Notingher et al [143]. In this work, it was observed that there were significant differences
in nucleic acids after differentiation, with the RNA peak (813 cm−1) decreasing by 25%. A
longer time course study was later done on cardiac cell differentiation from stem cells, ob-
serving this process online with Raman spectral changes at 482 and 577 cm−1 [147]. Further
to this, stem cells were observed to have distinguishing features even before differentiation
[148] and that differentiation was linked to tumour progression in fixed cancer cells [149].
The motivation for doing experiments like these in live cells was independently jus-
tified in work that found that detrimental artefacts were produced by fixing the cells in
paraformaldehyde so that cellular classification was less effective [150]. Some of these
Raman microscopy studies also utilise the advantage of online detection of changes, where
the cells are characterised whilst they are still alive so that further experiments, like waiting
for the next stage of the cell cycle or further differentiation, are possible. These time course
studies have the advantage that each cell can act as its own control, meaning small chemical
changes can be detected and understood in relation to the changes in the cell. This is a
clear advantage of the label-free and non-destructive nature of Raman microscopy, where
alternative techniques such as mass spectrometry and fluorescent dyes interfere with the
system under interrogation.
A general weakness of the Raman studies listed above is the difficulty involved with
transferring them to different instruments and different research groups. It has been observed
that even supposedly identical protocols and instruments on different sites present variations
in the data that must be considered and overcome [151]. Furthermore, most studies have
not published their data analysis techniques, perhaps due to restrictions on the commercial
software used. A final weakness that is broadly true is that there is a lack of explicit
consideration and justification for the live cell protocol used in the experiments.
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Apoptosis
Apoptosis is the process of controlled cell death and has been repeatedly been investigated
by Raman microscopy. Uzunbajakava et al. observed dense nuclear fragmentation during
apoptosis in fixed cells, with DNA observed in much higher concentrations than in control
cells [130]. DNA breakdown was observed in other work, where apoptosis was linked to
DNA base degradation observed in bands around 782, 788, and 1095 cm−1 [152], considered
to the DNA phosphdiester backbone and nuclei acids disintegrating [153]. Other classes of
molecules were observed to change through the apoptotic process, including a decrease in
proteins (1005, 1342 cm−1), phosphodiester bonds (788 cm−1) and an increase in the con-
centration of lipids (1303, 1660 cm−1) [154, 155]. Subsequently to this, different processes
of cell death started to be distinguished. For example, the cellular changes instigated by
ricin and sulphur mustard were distinctly classified, as was the pathway of death between
apoptosis and necrosis [156]. The role of lipid membranes in this classification has recently
been acknowledged [157]. Autophagic apoptosis is another processes of cell death that was
characterised by Raman microscopy [158]. Raman microscopic investigation of apoptosis
has benefited from organelle and chemical classification by focusing on mitochondria and
the associated group of molecules called cytochromes, which are involved in oxidative
phosphorylation controlled by the mitochondria. Mitochondrial metabolic rate decrease
in death (at 1602 cm−1) was first observed in yeast cells by Naito et al. [159]. This was
later repeated in human cells, where it was observed that active mitochondria contained
this signal, and that it was related to relative ion concentrations [160]. Cytochrome c is
known to be dramatically changed in apoptosis [161, 162, 133], so it was useful for this to
be strongly detected in Raman spectroscopy [133] via Resonant Raman scattering at 532 nm.
The release of cytochrome c during apoptosis (Section 1.1.2) was confirmed via co-registered
fluorescence and Raman microscopy [163] and in co-registration to mitochondria [164].
Oxidative stress
Oxidative stress is a cellular state that can be indirectly measured by Raman microscopy in
single live cells, including as part of the process of apoptosis. It is a state of high concentration
of reactive oxygen species (ROS), and these have effects on cellular components such as
DNA, lipids and proteins.
In one of the most comprehensive studies of ROS effects via Raman spectroscopy,
Yadav et al. [165] studied cell damage under the application of a cancer chemotherapeutic,
doxorubicin. They observed that that DNA that was co-localised with mitochondria increased
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seven-fold under ROS-induced damage. One proposed mechanism for this is that the ROS
damage the functionality of the existing mitochondrial DNA so that more must be synthesised
to compensate. DNA damage was also observed by live cell Raman microscopy under the
application of intense laser light that revealed the breakdown of chromosomes, in one of
the earliest cell studies [166]. Induction of oxidative damage by Fenton’s reaction was also
observable by this technique, where Fenton’s reaction consists of the production of reactive
oxygen species by (1) Fe2+ + H2O2 → Fe3+ + OH· + OH− and then (2) Fe3+ + H2O2 →
Fe2+ + OOH· + H+ [167]. Under this reaction, the peak ratio 1050/1095 cm−1 correlated
well with later state-of-the-art flow cytometry [167]. ROS generated from the Fenton reaction
was also observed to breakdown the phosphodiester backbone of nucleic acids, and Raman
microscopy is therefore shown to be an excellent non-invasive tool for the detection of
oxidative stress. Lipids are another class of chemicals that have been shown to change in
conditions of oxidative stress. Various live cell Raman microscopic studies have showed
decreased lipid content in the presence of by processes such as lipid peroxidation [168, 167],
disruption of mitochondrial lipids [165], and the creation of lipid radicals [139].
The main focus of live cell Raman microscopy in proteins and ROS has been towards
cytochromes, which are heme containing proteins associated with mitochondria. From their
Raman spectrum it is possible to gain information about their redox state, that is influenced
by the surrounding level of oxidative stress as seen in extracellular experiments [169]. This
redox state is often measured in Raman spectroscopy by measuring cytochromes, where
a higher peak intensity at 750 cm−1 corresponds to more oxidised cytochrome molecules.
These cytochrome molecules are taken as an indicator of the redox state of the cell. Oxidised
and reduced forms of cytochromes b and c were only all detected in living cells via Raman
microscopy approximately five years ago [170]. This has been seen in live cells with oxidative
stress from hydrogen peroxide associated with a decrease in reduced cytochrome c in the cell
centre. This is in accordance with the idea that cytochrome c is released from mitochondria in
periods of stress and apoptosis [139, 171]. Furthermore, the Raman spectroscopic observation
of an increased quantity of reduced cytochrome c from sodium dithionite is claimed to lead
to increased ROS during its subsequent reoxygenation [172, 173].
Overall, effects of ROS have been seen with Raman microscopy in live cells, though the
data are complex, and more work remains to be done on these topics. This includes develop-
ments to Raman protocol, as some experiments have seen photobleaching of cytochromes
[174], as well as considering data analysis protocols such as Biomolecular Component
Analysis from Yadav et al. [165].
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Metabolic state
As with oxidative stress, metabolic rate is a key biological concept linked with apoptosis and
mitochondrial membrane potential. It has also been measured by live cell Raman microscopy
in various indirect ways. Firstly, mitochondrial respiration is a highly efficient metabolic
process occurring in healthy cells. When apoptosis triggers are present (such as drug-inducing
apoptosis), increased mitochondrial activity is associated with increased protein levels in the
mitochondria. These increased protein levels can be detected with Raman microscopy as
correlated with oxidative phosphorylation levels as measured later with a spectrophotometer
[165] . Secondly, when a cell such as a cardiomyocyte is energetically compromised (ie low
ATP levels), cytochrome b and c levels drop and the mitochondial membrane is depolarised
[139]. The decreased presence of reduced cytochrome c associated with ATP depletion can
be observed by Raman microscopy [172]. Finally, the termination of metabolic activity can
be detected in living cells where hydrogen has been replaced by deuterium (incubation in
heavy water) by measuring the spontaneous Raman peaks [175].
1.3.3 Prospects of live cell Raman microscopy to complement NVC
measurements
Live cell Raman microscopy has been demonstrated as a useful tool in the analysis of single
cells, particularly in the areas of organelle classification, and apoptosis, including study
of cytochrome c. Due to improved detection sensitivity and data analysis, it is likely this
progress will continue in the future. Here, we propose combining the abilities of live cell
Raman microscopy with NVC sensing. This will allow for detection of cells and organelles,
as well as complementary metrology of biological processes. It is also useful that Raman
microscopy is able to detect diamond signal [176].
1.4 Project motivation and outline
Mitochondrial membrane potential in cells remains a critical biological parameter that is
related to many important processes such as apoptosis, metabolic rate and oxidative stress.
However, investigation of the role of ∆Ψm in these biological processes remains limited due
to the current state-of-the-art methods for measurement, particularly fluorescent dyes, which
are often toxic and photobleaching.
Nitrogen Vacancy Centres (NVCs) in nanodiamond and Raman microscopy are tech-
niques that have recently been developed in the measurement of cells and respectively give
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rise to electrical and chemical sensing measurements. The aim of this work is to develop
electrical and chemical sensing methods that enable detection of changes in ∆Ψm in single
cells, particularly for the application to detection of apoptosis in cancer cells. We propose to
use the sensitivity of NVCs to electric field to directly measure the mitochondrial membrane
potential, and simultaneously measure chemical changes via Raman microscopy.
One thing that has restricted the application of NVCs in this way is the lack of specialised
microscopes that include biological compatibility, sensitive photodetectors, and microwave
delivery. In addition, the width of fluorescence spectrum of the NVC reduces the ability
to co-register with fluorescent dyes such as those that are used for organelle staining. This
leads to difficulties in making and verifying intracellular measurements. Furthermore, the
biological impacts of nanodiamonds have not been fully explored, with most investigation
limited to cell viability testing. Raman microscopy also faces challenges, including a need
for greater understanding in the experimental and analytical protocols that are used for
intracellular segmentation.
To achieve the goal of complementary NVC and Raman measurement in cells, several
parallel lines of development have been necessary. In this thesis, Chapter 2 outlines the
construction of a dedicated microscope to measure both NVC fluorescence and Raman
spectroscopic signal simultaneously, demonstrating the design considerations and effective-
ness of the instrument. This instrument overcomes the current challenges by combining
photobleaching-free, long time-course, single cell microscopy that avoids the need for flu-
orescent dyes by observing cells, organelles and nanodiamonds via Raman signal under
a common 532 nm excitation. Chapter 3 outlines the development of protocols and ana-
lytical techniques for live cell Raman microscopy and the optimisation of them for this
work, providing insight into the field with a thorough investigation of parameters. Chapter 4
investigates the impact of nanodiamonds as nanoparticles for biological sensing, including
surface modifications like oxidation. This impact is evaluated on cells at a deeper level than
viability, in ways such as uptake and oxidative stress.
Finally, Chapter 5 discusses the impact and limitations of this project, drawing con-
clusions and proposing next steps in the development of NVCs and Raman microscopy to
measure mitochondrial membrane potential.
Chapter 2
Characterisation of a combined Nitrogen
Vacancy fluorescence and Raman
microscope
Figure 2.4 diagram was created by Dr Jonghee Yoon. Some LabView instrumentation
programming was completed by Jeffrey Holzgrafe, Dr Helena Knowles and Alexander
Grigoroiu. Jeffrey Holzgrafe also added temperature control to the microscope. All other
work in this chapter was completed by Ben Woodhams.
2.1 Introduction and Motivation
To measure mitochondrial membrane potential (∆Ψm) by simultaneous Nitrogen Vacancy
Centre (NVC) sensing and Raman microscopy, it is necessary to construct a dedicated mi-
croscope that is capable of acquiring these sets of data, unlike conventional microscopes.
A dedicated microscope also allows custom design choices including: evaluations of wave-
length; maximising sensitivity of Raman spectroscopy; optimising spatial scanning; the
orientation of the sample and optics; and the type of spectrometer. Each of these design
aspects has been considered to achieve the maximum performance of the dedicated micro-
scope.
This chapter begins by describing some of the instrumentation development and multi-
modal combinations already achieved for both Raman microscopy and NVC sensing, in
order to consider how this thesis might develop them further. The next section then outlines
more specific design considerations for the custom microscope and describes the reasoning
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for the decisions in light of the existing literature. After this, the instrument is characterised
and evaluated on whether the predicted advantages are successfully realised, and whether it
achieves the parameters necessary for measurement of ∆Ψm.
2.1.1 Innovations and combinations in Raman microscopy
Raman spectroscopy instrumentation has been developed in various ways in the recent past,
including: the first adaptions for live cellular measurements [177]; line scanning systems
[164], to collect more data simultaneously; spatially offset systems [178, 164], to acquire data
at depth in scattering media; wide-field systems [179, 180], to enable increases in acquisition
speed; miniaturisation advances, for the portability of measurement systems [181]; and
LED instruments [182–184], to avoid the need for laser illumination of samples. Another
recent development is a type of Raman spectrometer that has High-Throughput Virtual Slit
(HTVS™, Tornado Spectral Systems, Canada) technology, that was developed to provide
higher light throughput for biological applications [185].
Combinations of multi-modal systems including Raman scattering detection have also
been built, with Atomic Force Microscopy (AFM) [186] and Laser Ablation spectroscopy
[187]. Other methodologies combined with Raman spectroscopy include: patch clamp [188],
for electrophysiological measurement; Optical Coherence Tomography (OCT) [189], for
microstructural imaging; AFM, for measurements that need to relate chemical and shape
changes of nanoparticles [186]; and light sheet Raman for acquisition of data in thick
specimens [190].
2.1.2 Innovations and combinations in NVC sensing
Microscopes to measure nitrogen-vacancy centres have also been developed over time. This
includes the development of systems that: use ultra-high power microwaves [191]; do not rely
on microwaves [192]; achieve super-resolution [193–197]; exhibit fast 3D tracking [198];
have a large field of view (4 mm) [106, 199]; and use solid immersion lenses to improve
counts [200]. There have also been improvements in readout schemes and protocols [201].
NVCs have also been used in combination with other techniques, including microscopes
with AFM [202–207], including incorporating commercial instruments ([201]) and later
co-registration with Tunnelling Electron Microscopy (TEM) [208, 209].
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2.1.3 Summary
From these examples, it is possible to see that both Raman and NVC microscopes have been
improved upon and advantageously combined with other imaging techniques. However,
there remains an opportunity for the power and precision of NVC sensing to be combined
with complementary sensing of molecular bonds via Raman spectroscopy. This electrical
and chemical sensing approach will enable the measurement of mitochondrial membrane
potential in cells, unlocking new understanding of biological processes like apoptosis. To
achieve this, the NVC sensing must be able to sense an electric field of ∼10000 V/mm over
(a voltage of 100 mV over a distance of 10 nm [42, 210]) over a period of minutes [60]. From
experience outlined in Chapter 3, Raman spectroscopy needs to be able to sensitively and
rapidly locate peaks over a few seconds.
Given this biological aim, and the techniques proposed to achieve it, there remain many
design choices that need to be made for the optimum components and parameters.
2.2 Design considerations for the custom optical microscope
2.2.1 Wavelength considerations
There are multiple different considerations in choosing an excitation wavelength for this
instrument. Nitrogen Vacancy Centre excitation is optimised when the NV− excitation
spectrum is at a maximum, and when population switching to NV0 is minimised. By
experimentally investigating these factors, Aslam et al. found that 480–610 nm was an
advantageous range for excitation, with 510–540 nm as the optimal wavelengths [78]. In
NVC excitation, 532 nm is the standard wavelength used [81], although some experiments
use 561 nm [211, 212] and 575 nm [213].
For Raman spectroscopy, wavelength is a parameter that must be optimised by com-
promise between signal strength and background fluorescence. Raman signal varies by
approximately the inverse fourth power of wavelength [214] suggesting that shorter wave-
lengths would be advantageous for Raman studies. However, a major challenge in this regard
is cellular autofluorescence, i.e. fluorescence arising from molecules intrinsic to cells that
are excited by optical illumination. For HeLa cells, it has been observed that 488 nm and
514.5 nm produce 167× and 12× higher autofluorescent background than 532 nm, whereas
the Raman signal varies only within a factor of two, implying that 532 nm is advantageous
for this application [133]. Furthermore, Hamada et al. find that 633 nm reduces the Raman
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signal by a greater amount than desirable, and conclude that 532 nm is the best wavelength
to image cells [133].
In addition to this balance between signal and autofluorescence, it is important to consider
the signal enhancement received via Resonant Raman scattering. If the excitation wavelength
coincides with an energy transition of the molecule, then Raman scattering becomes greatly
more probable, and therefore the signal is much clearer. For 532 nm, apoptotic proteins
called cyctochromes become resonant, leading to their observation at 753 cm−1, 1127 cm−1,
1314 cm−1 and 1583 cm−1 [133]. This is useful as these chemicals are intricately linked with
cellular processes that affect membrane potential, and therefore choosing this wavelength
will allow us to investigate biological problems by both NVCs and Raman spectroscopy
simultaneously.
Selection of 532 nm as the excitation laser means that the NVC zero phonon line is
at 3098 cm−1 (637 nm). This means that we cannot spectrally differentiate the Raman
Carbon-Hydrogen (CH) vibration peak from the NVC fluorescence. Therefore, we chose
to use a dichroic beamsplitter at 605 nm (2270 cm−1) to direct all of the Raman signal at
lower wavenumbers to the spectrometer, and all of the longer wavelengths to an Avalanche
Photodiode for NVC fluorescence detection.
Although this means that some Raman signal is not measured, and that it becomes noise
on the fluorescence channel, this compromise does allow full capture of the NVC signal.
There are more details on this in the spectral throughput results below.
2.2.2 Selection of laser type
After choosing the wavelength, it is then necessary to consider the other required properties
of the excitation laser. One of the more restrictive requirements is narrow linewidth. Lasers
naturally produce light over a small range of wavelengths, and broader linewidth is known to
reduce Raman data quality [164]. In order to understand the effect of this parameter, a cell
spectrum was closely fitted and then convolved with gaussian peaks of varying linewidths
using the Matlab conv2 function (Figure 2.1). It was found that 30 GHz and 3 GHz noticeably
reduced the height (and therefore contrast) of the Raman signal peaks. Therefore a linewidth
of 0.3 GHz and below is an appropriate requirement for the laser source.
Diode-pumped solid state (DPSS) lasers have gained in popularity for Raman spec-
troscopy, as they can generally fulfil this condition [215]. Since NVC emission is compara-
tively insensitive to linewidth, excitation can be performed by a cheaper conventional diode
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laser [216]. Nevertheless, DPSS lasers also exhibit low noise, and have therefore been chosen
for sensitive NVC experiments [105, 106, 217].
Multiple 532 nm DPSS lasers were investigated for purchase, including the: Cobolt
Samba 532, with linewidth <1 MHz; Lasos GLK DPSS, with linewidth <1 MHz; and
Laser Quantum Torus with linewidth ∼1 MHz. Correspondence with these companies was
conducted to compare other physical parameters such as noise, power stability, wavelength
stability, mean time to failure, as well as general parameters such as cost and delivery
time. The companies specified that some of this information was to be kept private. Under
consideration of all these parameters, the Cobolt Samba 532 was found to be most suitable.
Fig. 2.1 Simulation of the effect of different laser excitation linewidths on the collected
Raman spectrum. The peaks are a close representation of a cell spectrum in terms of intensity
and wavelength (excluding noise). These wavelengths correspond to a wavenumber range of
940–1850 cm−1.
2.2.3 Sample and optics orientation: Upright or inverted
Biological microscopes can be divided into two categories depending on orientation of the
optics relative to the sample. It is possible to interrogate cells on a substrate covered in liquid
either from above in upright configuration, or through the substrate in inverted configuration.
Upright configuration reduces the ability of the substrate or air gap to interfere with the
measurements. However it does require the objective to be suitable for water immersion
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and possess a longer working distance due to fluctuations in the position of the cell surface.
There may also be disadvantageous refractive index changes in different media, and from
medium to cells.
In contrast, an inverted configuration has the advantages of: keeping the optics separate
from any environmental conditions such as temperature or water; reducing the amount of
vertical movement of the objective when loading a sample; and the potential for using
a numerical aperture via an oil immersion objective lens. Furthermore, it is possible to
use coverglass corrected objectives to counteract the problem of seeing through a sample,
although this does place limitations on the lateral range of motion by the fact that thin
substrates cannot be made arbitrarily large. Additional requirements on substrates are
imposed by Raman spectroscopy, which is outlined in Section 3.2.1. This substrate is held
between metal pieces that screw together with silicon gel creating a water-tight seal. This was
designed in Autodesk Inventor™ and fabricated by the Cambridge University Department of
Physics workshop. Temperature control was then added by Jeffrey Holzegrafe by addition of
a flexible resistive foil heater (HT10K, Thorlabs).
Fig. 2.2 A Computer Aided Design image of the water-tight substrate holder. a) The base
piece that is held in place on the nanopositioner stage. b) The top piece that screws into the
base, clamping the substrate between them.
2.2.4 Dimensions of spatial scanning
The physical dimensions (0D, 1D, 2D) of the excitation and signal collection are of important
consideration as they affect issues such as imaging speed, field of view, resolution, and signal.
Raman spectroscopy has been achieved by illumination via: zero-dimensional confocal point
illumination and detection [218], one-dimensional line scan excitation with point spectra
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gathered along that line [164]; and two-dimensional illumination of an area the size of a cell
to collect one average spectrum [219]. Each of these formats has particular strengths.
Confocal point measurement can be used to generate high-resolution Raman maps of
cells, and is therefore useful in identifying cellular components and making measurements of
a specific axial slice [21, 220]. This has been expanded in work by Kong et al. to make scans
of multiple points which are then independently and simultaneously measured [221]. One
dimensional line scanning has been shown to be faster to achieve the same signal intensity
compared to confocal point scanning [222, 164]. For a two dimensional excitation, cell-size
laser beam illumination has been useful in applications that require very high throughput,
such as cellular classification for disease on thousands of cells [219].
In the proposed bespoke microscope, laser excitation is from a common source and
the Raman and NVC collection channels are partly shared. Therefore it is also important
to consider NVC excitation and collection when deciding on the physical dimensions of
measurement. There are two predominant dimensional formats of NVC measurement: Two
dimensional wide-laser beam excitation with a wide-field camera detection; and confocal
point illumination coupled to a single point photon detector.
Single point confocal microscopes are the standard instrument of NVC sensing as these
allow removal of much of the background signal at the collection pinhole [198, 74, 86, 223,
78, 209]. However, some applications require two dimensional excitation and collection. One
example of a recent wide-field camera application is to map neuronal temperature, where a
wide laser beam (∼10 mm) was used to excite thousands of NVCs, which were then collected
as a wide field image in an sCMOS camera [105]. There is technical complexity and cost for
this type of measurement, with both phase lock-in detection and specialised cameras required
[224].
Overall, confocal point scanning is the most suitable option for Raman and NVC mea-
surements. This is because it encompasses the advantages of axial depth scanning, organelle
resolution and low technical complexity. For this, the sample will be scanned with a transla-
tion stage (an nPBio200 Piezo Nanopositioner Stage on a Zaber ASR100B120B-E03T3),
rather than a mirror galvonometer. This has the dual advantages of increasing the area that
may be scanned to larger than the objective field of view, and avoiding spherical aberration
of the illumination spot as it reaches the edge of the field of view. The nanopositioning
translation stage has a settling time of under 20 ms, which is fast enough for scanning and
tracking required.
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2.2.5 Detectors: spectrometer and NVC photon detection
Fig. 2.3 A diagram of a conventional spectrometer. Conventional spectrometers remove
80–90 % of the light at entry due to the slit [23].
Standard spectrometers remove 80–90 % of the light at entry due to the slit [23]. The
slit is used to select a narrow portion of the input light that is then dispersed by the grating.
A narrower slit leads to a greater dispersion at the grating, leading to improved spectral
discrimination [225].
Since Raman spectroscopy and many applications depend on both high spectral resolution
and high signal throughput, there have been several attempts to improve this. These include
improvements such as increasing the quantum efficiency of spectrometer cameras [226],
adding a curvature to the slit [227], using a Hadamard entrance pattern [228–231], observing
the zeroth order diffraction [231] and using refocusing optics to avoid the need for a slit
[185]. To maximise the sensitivity for detection of the weak Raman scattering signal
in the microscope, a specialised spectrometer using refocusing optics (Hyperflux™ U1
as manufactured by Tornado Spectral Systems, in Canada) was selected for use in this
instrument.
This spectrometer provides far higher throughput than conventional Raman spectrometers,
with the drawback that the wavelength range is fixed at manufacture. This is suitable here as
the wavelength range for Raman spectroscopy is known and fixed for all experiments.
For single point detection of NVC fluorescence, Avalanche Photodiodes (APDs) are
commonly used [232–241], although photomultiplier tubes (PMTs) have occasionally been
2.2 Design considerations for the custom optical microscope 37
used [242–244]. This is probably because APDs exhibit higher quantum efficiency than
PMTs in the longer wavelength range of the visible spectrum [245, 246], and therefore are
selected for this custom instrument.
2.2.6 Other decisions
Several other options were considered in the construction of the bespoke microscope. In
Section 1.2.2, it was described how continuous wave laser light and microwaves were able to
perform measurement by the Optically Detected Magnetic Resonance (ODMR) measurement
scheme. Recently though, new measurement schemes have been developed that rely only
on optical control, without microwaves [247, 192]. This has the advantage that cells are not
be exposed to microwaves that could potentially cause an adverse heating effect. However,
all optical techniques require precise timing control and instrumentation to create pulses,
adding complexity that is not necessarily required for the desired measurements. Therefore,
it was decided that this could be added to the instrument at a later stage, if it were found to
be necessary.
Another hardware consideration for NVC measurement is the addition of magnetic fields.
External magnetic fields are sometimes applied to NVC experiments to aid in spatial orien-
tation tracking [14]. This was also considered non-essential for the objective of measuring
mitochondrial membrane potential, but could be added to the setup later if required.
2.2.7 Design conclusions
The options for building a custom NVC and Raman microscope have been carefully con-
sidered with reference to the literature. The resulting design is included in Figure 2.4. This
includes key advantages such as simultaneous measurement of both NVC fluorescence and
Raman spectroscopy including: low background fluorescence from cells at 532 nm; res-
onance Raman for apoptotic proteins; a resolution suitable for intracellular organelles; a
high-throughput spectrometer for sensitive measurements; and the convenience of sample
switching on an inverted setup.
The microscope was built and characterised to determine whether the design and equip-
ment choices were successful in achieving the aim of measuring mitochondrial membrane
potential. The performance characterisation consisted on quantifying spectral transmission,
NVC and Raman signal, spatial resolution, and the overall measurement capability.
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Fig. 2.4 The optical setup combines simultaneous fluorescence detection and Raman spec-
troscopy. The fluorescence channel is suitable for detecting Nitrogen Vacancy Centres
(NVC) in diamond using an Avalanche Photodiode (>605 nm) with simultaneous Raman
spectroscopy achieved using a Tornado Hyperflux™ U1 spectrometer. Both processes are
dependent on excitation by one 532 nm laser, and both are collected confocally.
2.3 Materials and Methods for Microscope Characterisa-
tion
2.3.1 Nanodiamonds and nanodiamond test sample
The nanodiamonds used in the experiments were sourced from NaBond, with a nominal size
of 45 nm, and received in powder form. These nanodiamonds were specifically selected for
these characterisation measurements to have higher nitrogen vacancy implantation than those
available from other suppliers. A nanodiamond test sample was prepared on quartz. The
quartz coverslip (CFQ-2520, UQG optics, UK) was sonicated (Sonorex Digital 10P, Bandelin,
Germany) for 30 min in acetone and then isopropanol to clean any dirt from the surface. The
nanodiamonds were sonicated in ethanol at 0.4 mgml−1 for 90 min to reduce aggregation.
The nanodiamonds were then deposited on the quartz using a nebuliser (NE-U22-E, Omron,
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Japan) and blown dry using compressed air to prevent contaminants from the solution being
deposited on the substrate. This produced approximately 250 fluorescent points in an area of
50 µm× 50 µm, some of which are single NV centres, and some of which are multiple NV
centres that are closely packed together.
2.3.2 Spectral transmission
Spectral transmission was modelled by downloading the factory specifications of all optical
components and multiplying their fractional transmission profiles. A typical Raman spectrum
of cell data and NVC spectrum from the literature [241] were also plotted on the same graph
for reference.
Spectral transmission was measured using a white light source (Thorlabs, USA) put
through a monochromator (CM110, Spectral Products, USA) with an average spectral
full-width half-maximum of 5 nm. The light was then was passed through a fibre, and
the output from the fibre was collimated by a triplet lens (TRH127, Thorlabs, USA) in
place of the normal objective lens to maximise signal intensity. The throughput for the
Raman and NVC fluorescence beam paths was measured using their incorporated respective
detectors, the Tornado Hyperflux spectrometer and the Avalanche Photodiode. For the Raman
measurement, calibration of the input light was performed using a calibrated reference
spectrometer (Avantes AvaSpec ULS2048, The Netherlands) to normalise the results by
dividing by the input intensity. This was not performed for the NVC signal as the Avantes
spectrometer was far less sensitive at the longer wavelengths needed.
Errors were calculated by standard error in the mean across the Raman spectra, and
poisson noise from the NVC Avalanche Photodiode detector.
The spectral variation in the detection of NVC fluorescence measured was used to
determine the spectral contribution to signal loss. The NVC spectrum [241] was multiplied
by the measured spectral transmission to produce an effective transmitted spectrum that can
be collected in the NVC channel. The original NVC spectrum and the effective transmission
spectrum were integrated to estimate the signal reduction as a result of spectral variation.
2.3.3 Optical signal intensities
At low power, NVC generally emit photons in a linear relationship to excitation power.
However, under strong illumination, their rate of output photons is limited by the decay time
required to return the centre to the ground state. This means that increasing laser power
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produces less than a proportional linear increase in emission count rate, and the NVC count
rate saturates.
For NV fluorescence measurement, the test sample was scanned to find single nitrogen-
vacancy centres and the saturation curves were measured by varying the laser power and
recording the counts. This gives a measure that is independent of laser power, and can
therefore be compared to other reference NVC systems. A background was collected away
from the NV centres and subtracted from this measurement. The Raman signal was evaluated
by comparing the custom microscope with a Renishaw Confocal Raman microscope. The
sample was chosen to be the gold standard method of interrogating a piece of silicon, with
the laser power as 240 µW for 500 ms. The bespoke system was used with a 50× objective
lens with a numerical aperture (NA) of 0.8, and the Renishaw system was used with a 50×
objective lens with NA = 0.75.
Data were processed by subtracting the mean of a signal-free part of each spectrum (2500–
3000 cm−1) and then integrating the Voigt fit of the 1st order Silicon peak at 520.5 cm−1.
2.3.4 Spatial resolution
Spatial resolution is a key characteristic to determine the capabilities of an optical system.
The predicted confocal resolution is given by [248]:











For NVC fluorescence, with excitation wavelength as λex = 532 nm and using the zero phonon
line at 637 nm as the emission wavelength λem, and NA = 0.8, the resolution is predicted as
267 nm. For Raman signal, using diamond peak at 1332 cm−1 (573 nm), in the middle of the
range predicts the resolution as 255 nm.
Nitrogen Vacancy Centre fluorescence spatial resolution was measured using the nanodi-
amond test sample. For lateral (XY) resolution, the sample was scanned to create multiple
images of 10 µm× 10 µm, with square pixels of size 50 nm. Each point above 1 kcounts · s−1
was then selected as an NVC and the point spread function was then estimated by the Lapla-
cian of Gaussian solution in Python scikit-image.blob_log() function. For the smallest of
these, the spot was precisely fitted by a two dimensional gaussian function using the python
function scipy.optimize.leastsq. The average width of these was taken as the resolution and
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the error was estimated by dividing the standard deviation by the square root of 2 (for two
samples - one in the x direction, and the other in the y direction).
For Raman micro-spectroscopic resolution, the same sample was scanned to create an
image of 50 µm× 50 µm with square pixels of size 250 nm. The larger pixel size was used to
reduce image acquisition time.
After the smallest detectable spots were chosen to measure the lateral resolution, these
spots were moved in the perpendicular direction for axial (Z) resolution in steps of 1 µm
to determine NVC resolution. 10 measurements were collected at each point and averaged.
The standard error in the mean of these measurements is presented on the graph. The data
points above 20% of the maximum intensity were fitted linearly, and this line was used
to calculate the half-width half-maximum. The half-width half-maximum was taken as an
estimate of the resolution, with the error estimated from the error in the fit. Raman axial
resolution was not able to be measured due to a stage breakage. The nanodiamonds on this
sample are essentially point sources relative to the size of the confocal optical resolution of
the microscope, so they are a good measure of resolution.
2.3.5 Sensing capability of the instrument
The ability of the system to use nitrogen vacancy centres for metrology was evaluated by
Optically Detected Magnetic Resonance (ODMR). ODMR involves scanning a microwave
frequency to observe a characteristic drop in NVC fluorescence that reveals the presence of
an NVC and provides data that can be fitted to determine physical quantities.
Optically detected magnetic resonance spectra were measured by continuous wave laser
and microwave excitation. This was useful in determining the sensing capability of the
instrument. A Stanford Research Systems SG384 signal generator was used to generate
microwaves, which were then amplified by a Windfreak ZHL-42W+ microwave amplifier
into an antenna of bent copper wire. Microwave frequencies were scanned between 2.81–
2.91 GHz in 0.5 MHz increments at 7 dBm of microwave power with an integration time of
100 ms on each point. This was done in a random order to reduce any unwanted correlations
with time.
ODMR contrast is the ability to see a dip in fluorescence at a specific microwave frequency.
This is essential for NVC measurement and to confirm that a fluorescent point is an NVC, and
so it is necessary to establish how quickly this can be seen. ODMR contrast was determined
by integrating between the baseline fluorescence level and the dips below.
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In addition to contrast, ODMR stability is an important parameter. NVCs are used to
measure physical parameters by their effects on an ODMR spectrum. If ODMR spectrum
dips move even when the physical conditions of the environment are not apparently changing,
then their ability to be a reliable measurement tool is reduced. ODMR stability was measured
by repeatedly measuring the ODMR spectrum and using the python scipy.optimize.curve_fit
routine to fit two gaussian dips. The square roots of the diagonal values of the covariance
matrix were used as errors. Pearson’s correlation coeffecient (python np.corrcoef ) was then
used to determine correlation.
The ability of the system to resolve molecular bond vibrations in Raman spectra is largely
determined by the ability to locate a peak on a spectrum. This was measured by fitting
the main silicon peak (520.7 cm−1) by a Voigt profile and taking the errors in the fit. Both
the NV fluorescence sensitivity and Raman spectral sensitivity were plotted over time, and
compared to appropriate thresholds for measurement.
2.4 Results of Microscope Characterisation
2.4.1 Spectral transmission
Light throughput in the system as a function of wavelength was first modelled (Figure 2.5a)
and then measured into the two detectors in the system (Figure 2.5b). Normalised to direct
input into a spectrometer, the Raman collection path collected a maximum light fluence at
593±5 nm, with >40% of this signal intensity being collected in the wavelength range from
543–603 nm (wavenumber range 381–2213 cm−1). The NV fluorescence collection path
collects maximum light intensity at 773±5 nm, and >40% of this maximum signal between
663–843 nm.
The measured light throughput as a function of wavelength is broadly comparable to the
predicted spectrum, with a few minor differences. Firstly, the Raman collection path signal
is non-uniform across the expected range. This is most likely due to interference effects,
possibly at the detector where the spectra were sometimes observed to be double peaked.
Another possibility is that the input triplet lens (TRH127, Thorlabs) or doublet lens that is just
prior to spectrometer (AC254-045-A-ML, Thorlabs) are not perfectly achromatic. Another
discrepancy is the slow increase on the slope on the NV collection path, which could also be
a chromatic lens focus issue, or may correspond to the dichroic beamsplitter failing to meet
specifications. Furthermore, we observe the NV collection path to have reduced detection
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Fig. 2.5 Spectral transmission into the two detection channels - Nitrogen Vacancy (NV)
centre fluorescence and Raman spectroscopy. a) A simulation created by combining spectral
profiles of components. This is displayed as the fraction of light that would be transmitted at
each wavelength. Spectral data was downloaded from the relevant manufacturers’ websites.
NVC and Raman cell data are shown for reference. b) The spectral transmission profile of
light throughput as detected experimentally in the NV fluorescence Avalanche Photodiode
and Tornado spectrometer that are the usual detectors in the setup. This was measured
by sequentially changing a monochromator to input different wavelengths into the custom
microscope. Both the Raman measurement and NVC measurement are normalised so that
their maxima are equal to 1. Errors in the NV channel are too small to appear on the graph.
The experimental profile (b) broadly matches the simulated profile (a), with some differences.
above 800 nm, which may be a result of reduced APD sensitivity above this wavelength that
was not accounted for in the modelling.
The effect of these spectral profiles is to reduce the amount of light that was collected for
NVC fluorescence and Raman cell measurements. For NVCs, the lower spectral throughput
around 650 nm in the NVC channel (Figure 2.5b) causes a 38 % reduction in the amount of
fluorescence that can be received by the detector. For Raman measurement, Figure 2.5a shows
that cells typically have a strong peak around 650 nm (∼3500 cm−1). This is comprised of
the water signal and signal from the bond between carbon to hydrogen (the CH peak). The
CH peak is clearly outside of the range of detection for Raman detection in both the simulated
and experimental results, negatively impacting the ability of the instrument to detect cells,
and changes in cells. This is not the case with commercial Raman instruments such as a
WITec confocal 300 alpha+ Raman microscope, as it is a loss unique to this combination
instrument. On the other hand, the simulated and experimental Raman detection captures the
’fingerprint region’ of the cells well, as this is below 588 nm (1800 cm−1 [127]).
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2.4.2 Optical signal intensity
Fig. 2.6 a) NV centre saturation curve with half saturation NV counts at 4360±70
counts · s−1. Vertical sizes are an estimate of errors from poisson shot noise. b) The
NVC signal-to-background ratio as a function of laser power. The background comes
predominantly from the slide of NVC, either by reflection or unwanted fluorescence. c)
The signal-to-background-noise as a function of laser power. This is often a more relevant
parameter to optimise in situations where the background can be subtracted a constant. d)
Raman signal is dramatically increased on our system, relative to a commercial system, with
our system achieving 18× the signal-to-noise ratio due to the inclusion of the high throughput
virtual slit.
Fluorescent signal was measured on standard samples of NV nanodiamonds to be
4360±70 counts · s−1 at the saturation half-power of 85±3 µW (Figure 2.6a). This is above
measurements of detector dark counts at 40±6 counts · s−1, and the ’white noise’ of the laser
focused on an empty area of the sample at 2930±50 counts · s−1. This results in a signal to
background ratio of 1.49±0.03. This can be slightly improved by reducing the power to
around 30 µW, as shown in Figure 2.6b. However, the background is fairly constant over
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the sample, making the noise from the slide background and detector noise a more relevant
parameter. The ratio of the signal to this noise is given in Figure 2.6, with a maximum shown
around 150 µW.
These two different powers would be used in different situations. If a measurement
of a single point is required to determine the presence of an NVC at a given location, (i.e.
background is unknown) then 30 µW should be used. If a large scan is being performed for
NVCs, then the background can be subtracted as a constant, and the faintest NVCs can be
discriminated most easily at 150 µW. However, it is important to note that these powers are
dependent on the specific format of NVCs on a quartz slide, and would be different for the
noise levels inside a cell.
Raman signal was quantified on a standard Si sample by integration of the 1st order
peak as 55000 counts · s−1 at 137 µW (Figure 2.6d). This in greatly in excess of the noise
on the detector at an equal bandwidth wavenumber range yielding a signal-to-noise ratio of
150±30 in this experiment. This is 15× the signal and 18× the signal-to-noise ratio of the
Renishaw inVia Raman Microscope.
2.4.3 Spatial resolution and field of view
A lower bound for lateral spatial resolution (i.e. the spatially smallest) was measured for
both Raman and NV optical detection on a sample of deposited nanodiamonds. The smallest
lateral spot size observed for NV fluorescence was 290±30 nm (Arrow 1 in Figure 2.7a) and
290±40 nm for a Raman spot (Figure 2.7b). The NVC resolution is close to, and consistent
with, the predicted value of 267 nm, and the Raman resolution was slightly larger than the
predicted value of 255 nm, although within error range.
In the axial direction, the spot size is 3.3±0.3 µm for NV fluorescence (Figure 2.7c).
Precision scanning with accuracy to 5 nm is achieved with a nanopositioner stage over a
200 µm× 200 µm× 200 µm field of view. These image scans are stable to within 0.5 µm
over the course of several hours, making it easy to return to previously scanned diamonds.
If needed, coarser scanning is possible with step size 0.16 µm over a field of view that is
limited by sample holder design to 1 cm2.
A demonstration co-registered scan was performed to produce Figures 2.7(b) and (d).
Figures 2.7(b) and (d) both showed the same nanodiamond (or nanodiamond aggregate), as
labelled ’3’. The NVC scan also revealed another NVC centre that was not obvious from the
Raman image. This made it clear that the nanodiamond fluorescence is a superior way of
detecting nanodiamonds than Raman spectroscopy on the microscope.
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Fig. 2.7 a) Spatial scan of NVCs to determine lateral resolution in the fluorescence channel.
The smallest spot size observed was 290±30 nm (arrow 1), with arrow 2 measured at
300±10 nm. b) Spatial scan of deposited nanodiamonds to determine the resolution of the
Raman channel. The smallest spot size observed was 290±40 nm, but this is signal-to-noise
limited. c) Axial resolution was measured as 3.3±0.3 µm for the NV fluorescence channel.
Raman z resolution was not able to be measured due to an equipment malfunction. d) An
NVC scan that was taken simultaneously with the Raman scan in (b), labelled ’3’. It shows
the same nanodiamond/NVC as (b), and reveals another that was not clear from the Raman
image, labelled ’4’.
2.5 Discussion 47
2.4.4 Sensing capability of instrument
NVC sensing requires a fluorescence spectrum to be collected with respect to microwave
frequency via the ODMR technique, examples of which are shown in Figures 2.8a and 2.8b
after different numbers of scans. The contrast-to-noise ratio of the ODMR spectrum was
measured at 31±9 after 20 s of integration (Figure 2.8c), which is the time for a single scan.
This agrees with the observation of ODMR dips in Figure 2.8a that are then confirmed after
more averaging in Figure 2.8b. The observation of these dips after one scan is strongly
beneficial for this study, as it allows rapid identification of NVCs that can be used for
measurement.
ODMR stability measurements are displayed in Figure 2.9. These show that there are
no significant trends in the data over a time period of 45 minutes. This should enable good
sensitivity to external parameters.
An ODMR spectrum is shown in Figure 2.10a. Data were repeatedly collected from this
NVC and averaged to ascertain the precision of the ODMR measurements over time. This
is displayed for electric field in Figure 2.10b. It was found that a precision of 0.2% of the
mitochondrial membrane potential (∆Ψm) within 3 minutes is suitable for the purpose of this
project.
Raman sensing requires excellent spectral resolution so that different molecular vibrations
can be resolved. We measured this parameter on the 1st order silicon peak (shown in Figure
2.10c) finding the Full-Width Half-Maximum (FWHM) to be 4.2±0.2 cm−1, which is
comparable to the Renishaw system (3.08±0.04 cm−1). By fitting it repeatedly over time,
the Raman peak was quickly resolved to 0.05 cm−1 in 1 s (Figure 2.10d). Since 0.05 cm−1
is a typical value quoted for Raman spectral changes, this sensitivity is appropriate for
measurement of cells.
2.5 Discussion
In this chapter, the design, construction and characterisation of a combined instrument for
NVC fluorescence and Raman spectroscopy sensing was achieved. This is the first reported
instrument to enable such combined measurement.
2.5.1 Spectral transmission
The first area of characterisation was optical throughput as a function of wavelength, and
there are some compromises on the system because of this. For cell applications, this means
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Fig. 2.8 a) Examples of ODMR spectra after 1 scan across the microwave wavelength
range (2.81–2.91 GHz). Each colour corresponds to a different NVC. This shows that
the ODMR dips (labelled) are observable even after only 100 ms of integration at each
microwave frequency. b) The same NVCs, plotted with the same colour scheme, after 100
scans (∼30 minutes) clearly show ODMR dips below the noise. These are located in the
same position as was observed in (a). Contrast of dip depth compared to the baseline NVC
fluorescence is around 10% of counts. c) Contrast to noise ratio of an ODMR spectrum over
time, as measured by peak integration. This was fitted with a power law, and increases with
time to the power of 0.27, slower than pure noise averaging (power of 0.5). It is clear that the
contrast is detectable at a few minutes or less.
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Fig. 2.9 ODMR stability on ODMR fit parameters for a gaussian double dip. ODMR spectra
were individually fitted over time. a,b) Fit measurements of the centre of the ODMR are the
most important parameter for making measurements of electric field. The linear trendlines
indicate a decreasing position of the dips, but these exhibited low Pearson Correlation
Coeffecient values of -0.28 and -0.40, meaning that there is probably not a linear trend
over this timescale. c-d) Dip contrast is maintained throughout the measurement, indicating
stability, with small correlation coeffecients of 0.19 and -0.14 respectively. e-f) ODMR
width is also observed to be a stable quantity, with no linear trend over time (correlation
coeffiecients = -0.14 and -0.04 respectively).
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Fig. 2.10 a) An Optically Detected Magnetic Resonance (ODMR) spectrum on an NVC.
The fluorescence reduces under the application of microwaves at certain frequencies. The
positions of these troughs enable physical metrology. b) The ability of the instrument to
make an electric field measurement using a NVC. The ODMR spectrum (a) is fitted with
less error over time, enabling a precision equivalent to 0.2% of the mitochondrial membrane
potential (∆Ψm) within 3 minutes. c) Raman scattering signal from the silicon first order
peak with a fit to determine the central position. d) The precision of our setup to localise the
Raman peak shown in (c) over time. 1 s of integration is sufficient to localise to 0.05 cm−1.
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the instrument collects the desirable and important ‘fingerprint-region’ of the cells in 500–
1800 cm−1, but removes the strongest lipid and protein peaks (2848 cm−1 and 2930 cm−1,
respectively) [249]. These detected wavenumbers also allow the co-registration of diamond
in the Raman channel by integration at 1332 cm−1 [250].
It was chosen to excite the Raman signal and NVC fluorescence using one 532 nm laser.
This is a good compromise for Raman spectroscopy, as the autofluorescence of cells is
150× lower than at 488 nm [133], but the signal is only ∼ 1.5× lower. This wavelength
results in resonant Raman signal on several peaks from cells, which would, for example
allow for clear classification between normal and cancerous breast tissue [251] in a future
application. This wavelength is also optimal for NVC excitation, as it has been shown to
reduce charge switching to increase fluorescence [78]. The next longer wavelength that
is common for Raman spectroscopy, 633 nm [252], would not be appropriate for NVC
excitation. Overall, the instrument achieves suitable wavelengths in emission and detection
for cellular measurement, Raman signal and NVC sensing.
2.5.2 Optical signal intensity
With respect to the total signal detected, this instrument compares well with others, out-
performing comparison with the commercial Renishaw system by 18× the signal-to-noise
ratio. This is likely due to the nature of the Hyperflux™ High Throughput Virtual Slit in the
system. If a further sensitivity increase were desired, the spectrometer CCD camera could be
replaced by an sCMOS or EMCCD sensor. The disadvantage of the virtual slit spectrometer
is that it fixes the system to one excitation wavelength and spectral range from the design
stage, whereas other spectrometers can work with different excitation lasers and collection
ranges by rotation of the internal gratings. In the desired application, however, this is not
problematic. Since the Renishaw Raman microscope is used to measure cells, surpassing this
level means that the custom microscope is suitable for this task. The Hyperflux spectrometer
has been used to measure the Raman signal of cells in other work by Strola et al. [185].
The NVC fluorescence count rate at saturation half-power is of the same order of mag-
nitude as another instrument in the group. As yet, however, it is unclear whether this is
sufficient at the level of single NVCs to locate them inside cells, though there has been
some promising preliminary work in this area (Figure 5.2). If needed, it may be possible to
improve signal throughput by modelling the system in ray tracing software such as Zemax™
, considering different lenses and filters and the potential for further optical alignment [253].
This would involve close comparison with other systems have measured NVCs in cells [16].
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2.5.3 Spatial resolution and scan area
Evaluating the lateral spatial resolution, we found that we achieved 290±30 nm and 290±40
nm laterally for NVC and Raman measurements respectively. The true Raman resolution
may be better than this measurement, as it is not possible to discount that there are smaller
nanodiamonds that would appear as a smaller spot, but that are below the signal detection
limit. However, both NVC and Raman channels are close to the expected lateral resolution
at 267 nm and 255 nm. These values are sufficient for the purposes of this project, since
mitochondria are generally 1 µm are therefore the Raman resolution is at an appropriate level
to measure them. The achievement of a resolution close to the confocal limit for NVC is
suitable as this rejects background signal from nearby fluorescent objects.
For axial resolution it was not possible to obtain Raman data due to the long-term failure
of a part of the equipment. For NVCs, the axial resolution was measured at 3.3±0.3 µm. This
is approximately the thickness of cells [254], so is an appropriate resolution for determining
whether an NVC is endocytosed, rather than floating in solution above. After this, truly
simultaneous detection of Raman signal and NVC fluorescence was demonstrated.
Lateral and axial resolution were maximised by coupling the light into and out of optical
fibres. This acts as a confocal microscope to reduce the spot size by eliminating light entering
from wide angles and from out of plane. This reduces noise by restricting the collection angle
and plane of the instrument. The drawback is that the effective confocal aperture size is not
flexible, unlike common confocal fluorescence microscopes which can be adjusted depending
on the application. NVC spatial resolution may also be improved by super-resolution
techniques [196, 209, 195], taking the localisation down to 10s of nanometres, inside cells
that are approximately 10 µm. However, this would greatly increase the complexity of the
system.
To build images, we have chosen to use stage-translation point scanning. Raman imaging
is also achieved by line scanning [164] and wide field techniques [224]. Point scanning
is advantageous in the area of depth scanning, resolving organelles and simplicity, as has
previously been noted [222, 21, 220]. By translating the stage, we avoid some optical
aberrations that arise from a scanning mirror off-axis measurement, although we physically
disturb the sample a little in this process. It is unclear whether this minor movement will
adversely affect biological samples or measurements, although this does appear to have no
effect on other systems such as the WITec Confocal alpha 300+ Raman microscope.
Stage scanning also provides us with a an effective field of view of 200 µm (side length)
for extremely precise measurements (to ∼5 nm in practice with the nPBio stage), and1 cm
for scanning that is accurate to 160 nm (from the Zaber specifications). This dual scanning
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approach combines precision at the cellular levels, where cells are typically ∼10s of microns
across, with the ability to scan across a large number of cells. The absolute scanning extent
is larger than other systems at 1 mm [199], and 4 mm [106]. Precise local scanning across
of the whole of a cell is essential for the desired measurements, as it enables tracking of a
nanodiamond during an experiment. Wider scanning is also useful as multiple different cells
can be investigated, and the centre of the sample can be reached easily to avoid edge effects.
2.5.4 Sensing capability of the instrument
The final class of characterisation measurements were also sufficient for the aim of this
project. NVC completed the sensitivity equivalent of a membrane potential measurement to
a precision of 0.2% within 3 minutes. This is suitable, as fluorescent dyes that measure ∆Ψm
typically measure changes over this timescale [60]. It may be that there are interesting and
significant changes in a cell mitochondrial membrane at shorter timescales than this.
This NVC measurement was achieved with ODMR. One issue with this is that ODMR
fitting also depends on the locations of the ODMR dips. For bulk diamond, this can be well
predicted, but for nanodiamonds, these have lattice strain, and so the ODMR dips vary in
location from nanodiamond to nanodiamond [73]. The consequence of this is that some
nanodiamonds may be better at measurement of electric field than others, given their well
separated dips. Further, strain manifests as an electric field on the NVC, potentially adversely
affecting the measurements.
A further consideration is that although ODMR spectra were stable over 45 minutes, there
may be stability issues in longer term sensing that could impact measurement. This would
reduce a key advantage of nanodiamonds over fluorescent dyes, photostability, and so needs
to be further investigated. It should be noted again that this sensitivity may be worse inside a
cell with background fluorescence, so this remains a topic for further investigation. Finally,
ODMR peak width and sensitivity may depend on microwave power, and this has not been
interrogated in the experiments here. It is worth noting that upgrading the system to pulsed
measurements may overcome these challenges, if required. However, as far as the evidence
in this chapter suggests, the custom microscope has the sensitivity required.
The Raman spectral measurement also collected data rapidly, with a 0.05 cm−1 localisa-
tion of a Raman peak after 1 s. This is suitable for the measurements as 1 second is a typical
integration time for cellular experiments [255], and 0.05 cm−1 is the type of chemical shift
that is desired to be resolved [256].
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2.5.5 Adaption to live cells
There are some considerations on adapting the microscope to live cells. Primarily, live cells
need to be maintained at 37 ◦C. This has been achieved by the work of Jeffrey Holzgrafe who
added a resistive heater to the sample chamber. This needs to be further tested to find whether
it conforms to the standard of temperature control that is common in the field: ±0.1◦C
[257]. Another cellular requirement for live cell imaging is carbon dioxide. While this could
be supplied by a sealed container and a gas cylinder, it is intended to be achieved via the
easier addition of HEPES (hydroxyethyl piperazineethanesulfonic acid) to buffer the solution
correctly. Maintaining humidity and liquidity is also an issue for live cells. The simplest
means to achieve this is to frequently check the water level of the cell culture container and
refill this if needed.
2.6 Conclusion
To achieve simultaneous measurement of NVC and Raman microscopy, it was necessary to
design and construct a bespoke instrument. The design of this microscope was optimised
towards the measurement of ∆Ψm, and the characterisation of it in this chapter has provided
evidence that it should be able to realise that potential.
Overall, the instrument was found to be suitable for its design purposes by realising
the proposed advantages. Possible future developments are suggested in Chapter 5 Section
5.2.1. To use the microscope effectively in studies of ∆Ψm in live cells, next it is necessary
to develop protocols and analysis methods for both Raman and NVC microscopy on living
cells. These are described in Chapters 3 and 4.
Chapter 3
Raman spectroscopy protocol
development - experimental and data
analysis
Raman experimental protocol methods were developed by Ben Woodhams (BW) in collabora-
tion with Dr Jakub Surmacki (JS) and published as Surmacki et al. [2], with BW as second
author. Data analysis methods were developed and programmed by BW using open source
libraries, and all data analysis was performed by BW except Figures 3.15h, 3.15i and 3.16h.
Experiments to measure substrate and medium were performed by JS (Figures 3.5 and 3.6).
BW collected the data of organelle change over time on an A549 cell (Figure 3.17). The
other A549 and MRC5 cell data in this chapter were collected by JS. All other work was
completed by BW.
3.1 Introduction
Biological changes within cells are spatially and temporally correlated to chemical changes
detectable via Raman microscopy. This project aims to develop Raman microscopy as a
supportive and complementary technique for direct nanodiamond sensing of mitochondrial
membrane potential (∆Ψm) without the addition of toxic and photobleaching fluorescent
dyes. Raman microscopy provides unique capabilities in pursuing this goal, such as locating
cells without staining, subcellular organelle spatial mapping, and observing processes such
as apoptosis that are closely linked to ∆Ψm. Accurately locating cells is essential for these
measurements as it is necessary to choose locations to scan for intracellular nanodiamonds,
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and stop the measurement if these nanodiamonds are exocytosed [258]. The subcellular
organelle mapping is useful to track the position of the nanodiamonds with respect to
mitochondria, as the particles could become trapped in endosomes or attracted to other
organelles. The third application of Raman spectroscopy is to detect general biological
changes in the cell that that might be linked to change in ∆Ψm. This is plausible as biological
activity such as apoptosis, metabolic rate and oxidative stress have been shown to relate to
both ∆Ψm and chemical changes detected by Raman spectroscopy (Sections 1.1.2 and 1.3.2).
Using Raman microscopy for organelle mapping and chemical changes in live cells
requires the precise control of experimental conditions such as laser power, integration time,
objective lens, spatial scanning protocol, buffer solution, sample format, and substrate. In
addition to experimental conditions, data analysis methods also require optimisation of
parameters such as the software used, and spectral pre-processing techniques. The use
of hyperspectral methods, including Principal Component Analysis (PCA) and k-means
clustering were tested.
3.1.1 Raman experimental protocol review
Live cell spontaneous Raman imaging was first performed approximately two decades ago
[177]. Since then, the desire for label-free live cell imaging has led to improvements in
experimental procedures. These protocols often involve compromises between increasing
signal, reducing collection time, and reducing the laser-induced damage to live cells.
Several studies described the impact of variations in protocol on the measurements. One
example of this is the comparison between fixed cells and live cells for imaging. Chan et
al. showed that fixation changed the intensity of specific Raman markers that are commonly
assigned to DNA, RNA, protein, and lipid vibrations [150], and as such have an adverse
impact on Raman measurement. The difference between two dimensional (2D) and three
dimensional (3D) cell growth has also been considered. Standard imaging protocols use
cells that are attached to a flat substrate and spread out in two dimensions [164, 137]. As for
the substrate material, quartz and calcium fluoride (CaF2) are commonly used for Raman
imaging to reduce the collection of background signal [259]. However, recent work on
tumour microenvironments has motivated development of 3D cell structures in order to
replicate the in vivo environment [260]. This has been performed in Raman microscopy to
investigate spatial variation across cells [168].
The choice of cell imaging medium has also been varied. Some live cell Raman exper-
iments use solutions of Phosphate Buffered Saline (PBS) [261], Tyrode’s solution [133],
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medium without serum [262], medium with serum [163], with other solutions such as Hank’s
Balanced Salt Solution (HBSS) and Live Cell Imaging Solution (LCIS) also used generally
for live cell experiments [263, 264]. A problem with Raman imaging of cells is that at high
power and short wavelengths, the laser can damage the cells’ DNA [265]. Raman signals
also risk being very low [266].
Overall, there are a variety of techniques used to collect Raman data from cells. The
experimental parameters therefore need to be optimised according to the scientific aim and
to avoid cell damage.
3.1.2 Raman data pre-processing review
Advanced data processing is essential for subcellular organelle mapping and chemical investi-
gations using Raman microscopy. In Raman microscopy, spectral information is collected at
different spatial locations, forming a hyperspectral data set (Figure 3.1). Gaining insight into
cellular processes or clustering requires specialised data analysis techniques such as Principal
Component Analysis (PCA) and k-means clustering (see Section 3.1.3). Furthermore, since
the measured Raman signal is low, it is necessary to perform pre-processing steps to improve
accuracy and repeatability. Pre-processing steps mainly involve artefact removal and noise
reduction via cosmic ray removal, background removal and smoothing algorithms.
Fig. 3.1 A hyperspectral data cube. Raman microscopy is performed by collection of one
spectrum at every point in a two dimensional area, creating a data set that is spatial × spatial
× spectrum, known as a hyperspectral data cube. This figure is taken from Schie et al. [19].
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Cosmic ray removal
Cosmic rays consist of ionising particles that can interact with CCD (Charge Coupled Device)
detectors [267], causing spikes in spectra. Since many Raman instruments include CCD
detectors, removing these spikes is a common first step in pre-processing [20, 135, 137, 164,
268, 255, 269, 270]. This can be achieved via manual inspection [269], nearest neighbour
methods [271, 272], median filters [273], wavelet or Fourier analysis [267], and derivative
approaches [274].
Background removal
The acquired Raman spectra typically have an underlying background spectrum that is not
generated by Raman scattering. This, typically broad or flat background spectra, is usually a
combination of background fluorescence, camera offset and camera noise. Various hardware
and experimental protocols have been developed to remove these effects. These include using
a longer wavelength [272], quenching the fluorescence [275], or time gating to collect only
the ‘instantaneous’ Raman signal, while excluding fluorescence [276, 272]. There is also a
background removal technique that is achieved by quickly switching between two lasers that
are closely spaced in wavelength [277], as further described in future work, section 5.2.2.
Mathematical techniques to pre-process the data also exist. One of the most extensively
used is polynomial subtraction [272], which involves fitting all, or part of, the spectrum with
a polynomial function which is subsequently subtracted from the original spectrum. This is
effective with low order polynomials (usually up to 5) as these describe and remove the low
frequency background spectrum whilst leaving the Raman signal peaks. Another common
technique is to subtract all spectra from the average of all spectra, or a background area such
as the media surrounding the cell [147, 148, 157, 158, 270, 278]. Other techniques include:
first or second derivative filters [272]; Principal Component Analysis (PCA) techniques
[279], as will be explained in Section 3.1.3; as well as wavelet and Fourier filters [272].
Smoothing
Random photon and electron detector noise are also present on Raman spectra. Several
smoothing techniques can be used to remove random photon and electron detector noise
from the Raman spectra. The simplest is a moving average window [270, 149], though this
can produce unwanted oscillations [280]. The most common method for spectral smoothing
was developed in 1964 by Savitzky and Golay [281]. This works by fitting a low degree
polynomial to successive groups of points along a spectrum, thereby removing local noise
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spikes by convolution. This is widely used in Raman spectroscopy [137, 138, 260]. The other
major technique for smoothing is to use Principal Component Analysis (PCA) via Singular
Value Decomposition [130, 163] (see Section 3.1.3). Other smoothing algorithms include
an information-based maximum-entropy approach [146] and the one-parameter Whittaker
smoother [282].
Spectral cropping (shortening)
Peaks from extracellular sources can be reduced by careful choice of substrate and medium.
Nevertheless, it is necessary to crop each spectrum to remove the spectral features from the
substrate (such as quartz around 500 cm−1) and medium (including water around 3500 cm−1)
[128] while preserving the CH bond region (2806–3024 cm−1) and the ‘fingerprint region’
(approximately 600–1800 cm−1) as much as possible. This method has been implemented
several times in the literature, but has yet to be studied in depth. [185, 151].
Normalisation
Random laser power and detector sensitivity variations over time can be corrected for by
normalisation. Three common methods of normalisation are ‘Area under curve’, ‘Manhattan’
and ‘Euclidean’. ‘Area under curve’ involves dividing each spectrum by the integrated area
under itself and has been used for Raman spectroscopy by Moritz et al. [261]. This can
be problematic though, as the background subtraction protocol can often make parts of the
spectra have negative values, thereby increasing the values of the final spectra undesirably.
‘Manhattan’ normalisation overcomes this issue by calculating the sums of the distances
from the axis and using that to divide the original spectrum and has been used in Raman
spectroscopy by Majzner et al. [283]. ‘Euclidean’ normalisation also attempts to overcome
the ’area under curve’ negativity issue by using the sum of the square distances to the axis
and has been used in Raman spectroscopy by Olmos et al. [284].
Other pre-processing techniques
In addition to background removal and smoothing, additional pre-processing steps are oc-
casionally required. These include: wavenumber calibration to standard samples; spectral
throughput correction to correct for the different transmission efficiency of different wave-
lengths; interpolation to linear spacing and others [285]. After pre-processing, a variety of
hyperspectral data analysis techniques can be applied such as PCA and clustering algorithms.
60 Raman spectroscopy protocol development - experimental and data analysis
3.1.3 Raman data analysis methods review
It is often desired to extract underlying chemical components, classify spatial regions and
describe changes in hyperspectral Raman data. Achieving such objectives requires specialist
analytical techniques. These include, but are not limited to, Vertex Component Analysis
[286], Hierarchical Component Analysis [259], Spectral Angle Mapping [287], Independent
Component Analysis dimensionality reduction [288], Partial Least Squares Discriminant
Analysis [289], and curve devolution by Levenberg-Marquardt to create individual peaks
[290]. A detailed review of the different spectral analysis techniques has been written by
Hedegaard et al. [291]. Here we discuss (and use) two of the most common methods: PCA
and k-means clustering.
Principal Component Analysis (PCA)
Fig. 3.2 Principal Component Analysis (PCA) is a hyperspectral analysis technique. It is
implemented by constructing a orthogonal basis for the data where the new axes are along
the directions of greatest variation that is not already mapped to an axis. This can be used
in noise reduction, clustering and to provide insight into the underlying components. This
figure is adapted from Nazrul et al. [24].
Principal Component Analysis (PCA) is the generation of new orthogonal basis axes that
are useful for representing the data, reducing noise, and accelerating calculations. The data
points exist in a multidimensional space which is spanned by axes that represent different
wavenumber frequencies. The distance of the point along each direction given by the intensity
at that wavenumber (Figure 3.2). PCA constructs each new axes along directions that show
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the greatest variation in the data, with the condition that it is orthogonal to all assigned axis
directions.
This can be useful as a visual representation to observe clumping of the data, by plotting
points against the first few principal components, and by plotting the spatial distribution
of each component. It works for noise reduction as principal components above a certain
threshold contain only noise, and can therefore be removed. This also helps to increase the
speed of calculations. In practice, PCA of Raman images has been used on cells to separate
cells that are prepared in different ways [292], understand the biochemical effects of a drug
[278], compare cell types [293], identify intracellular regions [138, 260, 19], examine cell
state [148, 294, 147], and develop a prognostic marker for breast cancer [137].
K-means clustering
Fig. 3.3 K-means clustering is a technique to group similar spectra. It starts by arbitrarily
defining as many cluster centres as requested by the experimentalist. All spectra are then
assigned to their nearest cluster centre. The centres are then moved to the average position of
the group. The process repeats between assigning spectra to cluster centres, and moving the
position of those centres depending on the group, until the solution becomes stable.
K-means clustering is a hyperspectral analysis technique that groups similar spectra into
clusters (Figure 3.3). The process starts by arbitrarily defining cluster centres. Following this,
all spectra are assigned to a cluster that has the nearest cluster centre. Then, the centres of the
clusters are moved to the average of all the points in that cluster. The process is then repeated
by iteration, reassigning data points to their nearest cluster and then moving the centres of the
clusters. Each spectrum has membership of only one cluster. The clusters can be shown as
areas of similar composition on a real space image with their average spectra extracted [295].
62 Raman spectroscopy protocol development - experimental and data analysis
In the context of cell Raman imaging, k-means clustering has been widely used for organelle
identification [296, 20, 259, 131, 136, 260], to measure protein accumulation [296], and to
measure the effect of drugs [20].
K-means clustering and PCA are powerful analytical methods that can help interrogate
Raman data. Both are useful in the Raman live cell analysis to outline cell boundaries, find
intracellular organelles and observe spectral changes over time.
3.2 Methods
3.2.1 Live cell protocol methods
WITec commercial Raman instrument
Fig. 3.4 a) A diagram of the WITec confocal Raman microscope in inverted configuration.
Raman scanning on live cells was performed using a 488 nm laser. b) A photo of the system
with the transparent live cell enclosure for temperature, humidity and CO2 control. Figure is
reproduced from Surmacki et al. [2].
A WITec confocal Raman microscope (WITec Alpha 300M+, WITec GmbH, Germany)
was used to develop experimental and analytical protocols for Raman spectroscopy. A live cell
enclosure for temperature, humidity and CO2 was added by Digital Pixel Microscopy Systems
(Brighton, UK). The system is equipped with a 488 nm laser that is directed through an
inverted 60× water-immersion objective lens (Nikon CFI Plan Apo IR 60×WI, MRD07650,
NA = 1.25). This objective lens was chosen as it had the highest numerical aperture on the
microscope, thereby increasing spatial resolution and contrast. It has a Princeton Instruments
Acton SpectraPro SP-2300 spectrometer that has a grating of 300 lines/mm and is blazed at
500 nm. The system was calibrated by WITec and by peak alignment to a silicon sample to
the first order 520.7 cm−1.
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The instrument works with WITec Control Center 4.0 and Raman hyperspectral data
were collected by point scanning across a two dimensional area of live cells at a step size
of 0.5 µm and an integration time of 0.5 s. Data can then be analysed within the collection
software WITec Control Center 4.0, or by using the same tools externally in WITec Project
Plus 4.0. These include data analysis techniques such as cosmic ray removal, background
subtraction, smoothing, shortening, normalisation, principal component analysis, k-means
clustering and others. This software is unable to analyse data collected on devices from other
commercial manufacturers.
In this project the WITec Raman microscope was used as a standard system to develop
experimental and analytical protocols for later use in a combined custom-made nanodiamond
and Raman system.
Choices for cell experimental methods
As described in the literature review (Section 3.1.1), various choices must be made to optimise
data collection from cells. Firstly, we chose to work with live rather than fixed cells to avoid
the artefacts generated by most fixatives. Secondly, while three dimensional culture methods
enable the study of tissue microenvironments, this is not a current application of this project,
and therefore the technically simpler option of two dimensional culture was chosen. A
third parameter is laser power. For cell detection and organelle classification, cells were
illuminated at 4 mW in the beam path at 488 nm (Sections 3.3.2 and 3.3.3). For observing
change over time, this power was increased to 10 mW in order to provoke a change in the
cells (Section 3.3.4), as discussed in section 3.4. The optimal substrate and medium were
experimentally determined.
Optimising substrate
To choose the most suitable substrate for our Raman microscopy experiments, four different
materials were evaluated. A549 were plated onto the following substrates: microscope cover
glass (Marienfeld Cover glasses thickness No.1.0 circular, diameter 25mm, 0111650); quartz
cover slips (UQG Optics, CFQ-2520); calcium fluoride slides (UV and IR grade, Crystran
Limited); and a plastic cell culture dish traditionally used in live cell fluorescence microscopy
(Greiner Bio-one, 627160). It was observed that quartz and UV-CaF2 had the lowest signals
in the range typically used for cellular measurements 800–3100 cm−1 (Figure 3.5). Since
quartz is known to be the better substrate for cell growth [259], this substrate was chosen for
all subsequent experiments.
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Fig. 3.5 a) Raman spectra of different substrates. Cell culture plastic, ‘IR-grade’ calcium
fluoride (CaF2) and cover glass substrates contain more Raman signal than quartz and UV-
CaF2, making UV-CaF2 and quartz most suitable for collecting Raman measurements. Data
is published in Surmacki et al. [2].
3.2 Methods 65
Optimising medium
To decide on the most suitable medium for the Raman imaging, solutions of different media
were measured on the WITec instrument at 488 nm. The solutions tested were: standard
cell culture DMEM/F-12 medium without phenol red (tested both with and without serum);
and salt solutions: Hanks’ Balanced Salt Solution (HBSS) with 5.5 mM glucose (Gibco,
Life Technologies, 14025-050), Live Cell Imaging Solution with 17.5 mM glucose (LCIS,
ThermoFisher, A14291DJ), and Phosphate Buffered Saline (PBS, Life Technologies, 10010-
056) with 17.5 mM glucose (Sigma, G8270). The results are shown in Figures 3.6a and 3.6b.
Cell proliferation was also monitored for PBS with glucose, LCIS, HBSS, medium with
serum and medium without serum (Figure 3.6c). Cell growth rate, a marker of cell health,
was recorded with an automated phase contrast microscope (Incucyte, Essen Biosciences).
It was found that medium with serum was superior for cell growth, and HBSS had the
highest growth rate among the solutions with lowest Raman peaks. To maintain cells in a
healthy state during time course experiments (over 2 hours), complete medium supplemented
with serum is preferred while shorter experiments (less than 1 hour) can be performed using
HBSS. Since this project involves long time course experiments, medium with serum will be
systematically used.
Protocol for cell experiments
Two cell lines were used to develop experimental and analytical protocols for cell work:
human lung carcinoma A549 (ATCC) immortalised cells and human fetal lung MRC5 pd19
(ECACC). MRC5 cells were incubated and imaged in Minimum Essential Medium (MEM,
51200-046, Gibco, Life Technologies, UK) supplemented with 10% fetal bovine serum
(Gibco, Life Technologies, 16000-044) and 2 mM L-glutamine (Life Technologies, 25030-
024). A549 cells were incubated and imaged in DMEM/F-12 with L-glutamine (Gibco,
Life Technologies, 11039-021) supplemented with 10% fetal bovine serum (Gibco, Life
Technologies, 16000-044). To reduce fluorescence, phenol red free media was used. These
cell lines were selected based on experimental availability. Furthermore, since one line is
cancerous and the other is not, it is possible to see whether these different types of cell need
different analytical protocols.
Cells were incubated and imaged at 37 ◦C in humidified atmosphere containing 5% CO2.
Cells for Raman microscopic analysis were seeded 12 hours prior to analysis in a 6-well plate
with a 25 mm circular quartz coverslip (UQG Optics, CFQ-2520) at a density of 2×105 A549
cells or 1×105 MRC5 cells per 3 ml well and incubated with phenol red free medium with
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Fig. 3.6 a) Raman spectra of different types of media that could be used in live cell Raman
imaging at 488 nm excitation. Full cell medium (DMEM/F-12) with and without serum
showed the largest fluorescence of any of the media, as seen by their broad increased
background level. b) A zoomed version of (a), with each spectra vertically shifted by a
constant amount. Tyrode HEPES solution showed a small amount of fluorescence, slightly
increasing their baseline. Tyrode HEPES, LCIS, LCIS with glucose showed Raman peaks at
1454 cm−1 and 1046 cm−1, in addition to the water peak at 1640 cm−1 that is common to all
of them. Data from Surmacki et al. [2]. c) A cell growth experiment in different media. The
fastest cell growth was observed in complete medium with serum. In absence of serum, cells
grown in media also reached the maximal confluency, but at a later stage. Cells grown in
HBSS and LCIS did not proliferate and their numbers remained constant. Maintaining cells
in PBS with glucose resulted in their death.
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serum (vendor as above). Immediately prior to Raman microscopy measurement, coverslips
were mounted into the Attofluor cell chamber (Invitrogen, cat. no. A-7816). Cells were
washed with PBS to remove any unattached cells and fresh complete medium was added.
3.2.2 Hyperspectral data analysis methods
Since Raman microscopy collects a complex hyperspectral data cube, it is essential to develop
appropriate techniques in order to create intracellular clusters or consider whether chemical
changes are significant. These hyperspectral techniques also rely on effective pre-processing,
where both are performed in python.
Software - Python, Jupyter and Hyperspy
The hyperspectral analysis was performed in Python in Jupyter notebook, with Hyperspy v1.3
[25]. Jupyter, is an integrated development environment that runs Python in a web-browser,
and can blend rich text, code, in-line figures, and external windows (Figure 3.7a). Hyperspy
is an existing library built on top of this, with analytical and navigational tools that are
specialised for hyperspectral data (Figure 3.7b).
This combination has the advantages of being open-source, extensible, fast, available
without cost, and easily reproducible. One of the particular advantages of Hyperspy in
Jupyter is the combination of command line interface and graphical user interface. This
allows easy navigation and processing of the data that combines the reproducibility of code
with the accessibility of an interface (Figure 3.7c).
Principal Component Analysis
Principal Component Analysis (PCA) was used in this project firstly to discover the artefacts
that are present in the raw Raman data, in order to motivate specific data processing techniques
(shown in Section 3.3.1).
PCA was then used on processed data (after cosmic ray reduction, background removal,
etc.) in cellular edge detection where the component that best represented the cell was chosen
by the presence of a Raman peak in the spectrum at 2840–3000 cm−1 [137] and a spatial
extent greater than two microns. Triangle thresholding [297] was observed to capture the
full extent of the cell, unlike some other thresholding techniques, such as Otsu thresholding
[298].
Subcellular clusters were identified with PCA using a combination of spatial distribution
and spectral features as has been attempted elsewhere [299]. For clarity, one principal
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Fig. 3.7 Software used for Raman hyperspectral data analysis - python, Jupyter and Hyperspy.
a) The Python programming language is open source and easily used in a browser-based
Jupyter notebook. b) Hyperspy is a Python library built for hyperspectral data analysis [25].
c) Hyperspy allows graphical navigation of the data by conveniently separating navigation
and signal dimensions.
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component of A549 cells (PC2) was multiplied by negative 1 in the spectral factors and 2D
image loadings.
PCA was implemented within Hyperspy, under the hyperspy.learn.mva.MVA decomposi-
tion model [25]. Images are max-min scaled.
Pre-processing
After identification of the need by PCA, the data were pre-processed via cosmic ray removal,
background subtraction, smoothing, spectral cropping and normalisation. The first step was
to remove cosmic rays by a combination of a derivative approach and manual inspection.
Firstly, a derivative histogram was plotted using the Hyperspy spikes_removal_tool(), where it
was clear that cosmic rays were distinct from the genuine spectral peaks by the rate of change
by wavenumber of 400 counts. Therefore, it was possible to set the following parameters:
Add Noise = no, Interpolator = Spline, Default spike width = 5, spline order = 1, and remove
the peaks, confirming each via manual inspection. It was not necessary to employ further
techniques such as nearest neighbour, median or Fourier filters [271–273, 267] as the signal
to noise ratio in our data was sufficient to clearly show the peaks above the noise floor.
Background removal was achieved via a polynomial fit function of order 5. The spectrum
was fitted excluding the quartz substrate (below 820 cm−1) and the C-H and O-H peaks
between 2667–3829 cm−1. This technique was chosen as it is simple, fast and commonly
used [127, 272, 300]. Figure 3.10 shows that it removed the high baseline spectrum whilst
preserving the Raman peaks.
Smoothing of individual spectra was achieved with a Savitzky - Golay filter set with a
window length of 11 points and a polynomial order of 2. These parameters were chosen
according to the literature [137, 260, 293], and confirmed by visual comparison of the
spectrum beforehand and afterwards to reveal the Raman peaks above the noise.
Shortening of spectra was done by removing the lowest and highest wavenumbers from
all spectra. Wavenumbers <818 cm−1 were cropped away to remove the quartz peaks from
the underlying substrate, and >3073 cm−1 were cropped away to remove the water that
surrounds and is contained within the cells.
Spectra were then normalised by ‘Manhattan’ normalisation. This normalisation is the
most suitable for this work, as it corrects for linear whole-spectrum variations in laser power
and detector sensitivity in a way that is not as detrimentally affected by negative values as
‘Manhattan’ normalisation. The spectra were normalised to a ‘Manhattan’ area of 1, meaning
that the intensity of the peaks corresponds to a value much smaller than 1.
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Peak integration
Here, integration of different peaks was used for revealing the cells and some internal
organelles. Integration was achieved by linear background subtraction from a straight line
fitted to five points on either side of the integration range. One, three and five points on each
side were investigated, and three showed marked improvement in contrast (due to averaging
over the noise), and five points was observed to be of similar quality to three. The integration
range was chosen based on the literature [2, 301, 249, 128, 19, 22].
For cell detection, triangle thresholding [297] was observed to be most effective to
observe the cell, as judged by spectral change at the C-H peak (2840–3000 cm−1) and
manual observation of the images. However the segmentation image of A549 cells by
peak integration at 1160–1504 cm−1 resulted in a better capture of variations in the image
when mean thresholding was applied. Consequently, mean thresholding was used in this
specific case while triangle thresholding was applied in all remaining images. For observing
organelles, the spectral ranges were chosen by a combination of knowledge from the literature,
and by systematically plotting sets of wavelength intervals to find spatial correlations within
the cell on an image.
K-means clustering
K-means clustering was used for cell and subcellular organelle observation. For cell segmen-
tation, clusters of two and three were used as an attempt to include the thin cell periphery.
K-means clustering was performed using python library Scikit Learn (sklearn.cluster.KMeans
[302]) with its default parameters and initialisations.
The results of cell segmentation then were used in the process of organelle segmentation.
K-means clustering was then used to evaluate the impact of data processing (Cosmic Ray
Reduction, etc). The main part of the cell was clustered into four groups, and then these
groups were identified as organelles via spatial and spectral information with reference to the
literature. These were also compared with a published independent analysis [2], as well as
co-registered fluorescence imaging of the nucleus (NucBlue).
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Fig. 3.8 Principal Component Analysis on an area scan of an A549 cell. Completed without
any prior data processing to demonstrate which types of processing are required. a) Principal
Component (PC) spectra 0-5 show the directions of most spectral variation. b) PC0. An
intracellular component that is mixed with top to bottom heterogeneity of the image. c) PC1.
This is the clearest outline of the cell and depends on the CH peak at 2807–3025 cm−1. d)
PC2. Another image that displays top to bottom heterogeneity, with a cellular component
mixed in. The corresponding spectrum in (a) shows anti-correlation between water (3000–
3700 cm−1) and quartz (250–550 cm−1), indicating that lower in the image, the imaging
collection plane moves higher relative to the sample plane (i.e. in the axial (z) direction, up
out of the page). e) PC3. The variation corresponding to a cosmic ray on the detector. In
(a), this is shown as a very narrow and intense spike. f) PC4. An intracellular component
of the cell. g) PC5. Lipid droplets inside a cell, as identified by the positive spike in
2815–2915 cm−1, the lower half of the CH peak.
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Fig. 3.9 Principal Component Analysis on an area scan of an MRC5 cell. Completed without
any prior data processing to demonstrate which types of processing are required. a) Principal
Component (PC) spectra 0-5 b) Spatial map of PC0 - has artefactual heterogeneity between
the top and bottom of the spatial field. Appears to have a strong nuclear component of the
cell. c) PC1 - makes a good cell outline, from the cell CH bond 2807–3025 cm−1, including
some component from lipid droplets. d) PC2. The clearest component of top (near y = 0)
and bottom (near y = 30) heterogeneity. The associated spectrum (2) shows that there is a
anti-correlation between water (3000–3700 cm−1) and quartz (250–550 cm−1), implying that
the sample is angled relative to the imaging plane. e) PC3. A component with information
about intracellular organelle distribution. f) PC4. A cosmic ray given a one pixel spike event
that is independent of the sample. This can be seen in (a), in the associated spectrum. g) PC5.
Another cosmic ray, mixed with intracellular signal.
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3.3 Results
3.3.1 Identifying data processing needs
Principal Component Analysis
Principal component analysis (PCA) was applied to the cells (Figures 3.8 and 3.9) to find the
spectral variation across the sample. The results of the PCA were used to inform and direct
further analysis. Firstly, both figures show variation due to cosmic rays (Figures 3.8e, 3.9f
and 3.9g). These images show a few pixels of intense and narrow spikes and are independent
of the sample, with most of the image appearing uniformly flat. This is a result of charged
particles interacting with the detector, producing a strong signal, the variation of which
covers over useful cellular variation. These spikes over just a few pixels should therefore
should be removed from the data by spectral pre-processing.
A second artefact is the presence of a broad, non-zero sloping baseline, observed Figures
3.8a, spectrum 2 and Figures 3.9a, spectrum 3. These broad increases are a result of
fluorescent signal from the cells. This acts to obscure the Raman signal, and therefore
motivates some background subtraction.
A third artefact of the data is observed most clearly in Figures 3.8d and 3.9d with
their associated spectra. In these cases, variation is caused by a change in height of the
imaging plane relative to the sample substrate top surface, which manifests in top and bottom
heterogeneity. The associated spectra (2) show an anti-correlation between water (3000–
3700 cm−1) and quartz (250–550 cm−1), implying that the samples are angled relative to the
imaging plane. Since these peaks are mostly separate from the cellular data, it is possible to
pre-process the data by spectrally cropping them out. Normalisation may also help reduce
this effect.
A fourth type of artefact stems from signal strength variations in time, with slight
variations in the collected signal intensity during the measurement. In the images this
manifests in the a small increase (or decrease) of intensity in adjacent pixels that are scanned
immediately after each other (along a horizontal line), that is not shown for pixels that are
adjacent in space, but scanned some time apart (the vertical in-plane direction). An example
of this is along the top line of Figure 3.9b (and also in Figure 2.7b). To reduce these variations,
normalisation is an appropriate pre-processing step to examine the biological data without
the misleading changes of the measurement technique.
By observing these artefacts of unprocessed data with PCA images (Figures 3.8 and
3.9), it is clear that spectral pre-processing would be advantageous for revealing biological
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information by reducing irrelevant signals. These pre-processing steps include cosmic ray
removal, background subtraction, spectral cropping (shortening), and normalisation. To
aid human interpretation, spectral smoothing was also implemented. These techniques are
described in detail in Section 3.2.2 and Figure 3.10.
Fig. 3.10 Sequential steps for Raman pre-processing to remove artefacts from the data
shown on an example single spectrum from A549 cells. The data is originally collected
(blue) on a CCD camera, and therefore is affected by artefactual cosmic rays. There are
removed with an in-built function of Hyperspy based on derivatives and inspection (blue
to orange). A fluorescent background from the cells is also collected and removed via
polynomial subtraction (orange to green). Data are then smoothed with a Savitzky-Golay
smoothing algorithm to reduce noise (green to red). The spectra are then cropped between
818–3072 cm−1 to remove the quartz and water peaks (red to purple). After this, spectra are
then normalised by a scale factor to absolute area under curve (ie negative values are taken
as positive and then integrated), known as ‘Manhattan’ normalisation (normalised spectrum
not shown here).
Additionally from these PCA images, it is possible to observe that the signal that is
characteristic of the main cell body decreases towards the edges. This is likely as a result of
the fact they are thinner there, and the signal is becoming more similar to the spectrum of the
medium (Figures 3.8c and 3.9c). This means clustering strategy should try to account for
these edges in order to correctly segment the cells from the background. The PCA images
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also show the location of the nucleus and lipid droplets, implying that these data are sufficient
for at least some sub-cellular clustering.
3.3.2 Cell detection
Raman spectroscopy is principally used to locate the cells. Cell detection was performed
with different analysis methods including peak integration, PCA and k-means clustering
(Figures 3.11 and 3.12). Peak integration between 1160–1504 cm−1 reveals some of the
cell before any data processing. This is advantageous as it makes it possible to find cells
to scan, that are otherwise unstained and difficult to find. Furthermore, this can be applied
quickly without complicated processing, making it suitable for fast cell identification during
the experiment. Peak integration of the same range after processing does not improve the
cell detection, a phenomenon that perhaps results from the loss of intracellular fluorescence.
However, in the A549 image (Figure 3.11b), there appears to be a central line dividing the
total cell area in two equivalent halves, suggesting there may be two cells in the field of view.
Peak integration of the CH peak at 2806–3024 cm−1 (panels c and d of Figure 3.11) leads
to better segmentation of the cell, with the thinner area around the cell being included. The
improvement at this wavenumber range is likely a result of the higher signal intensity in this
peak.
Principal Component Analysis was also applied as an attempt to outline the cell. Principal
Component 1 provides a good map of the location of the cell, whilst also excluding the
background. This is true before and after processing. The similarity to the integration of the
CH peak implies that most of the information content for PC1 is in the CH peak. PCA also
falsely captures a number of small background points. The segmentation could therefore be
improved by using a size threshold for segmentation.
Thirdly, k-means cluster analysis was used to observe the cell. For two clusters, the main
cell body was segmented, but without most of the cell periphery. Processing the data provided
an improvement in this respect, correctly expanding the clustered cell area. For k-means
analysis with three clusters, the analysis before data processing revealed top-to-bottom image
heterogeneity, and also failed to include the cell periphery. After data processing however,
the cell periphery and main body are well segmented in both the A549 and MRC5 cells.
This is a demonstration of the advantage of using the full spectra range in clustering. This
segmentation is further justified by the spectra of these clusters, where the cell periphery
clearly exhibits the Raman peaks of cells, such as the 2930 cm−1 CH peak.
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Fig. 3.11 Cell detection with Raman data using different analysis methods. a) Peak integration
between 1160–1504 cm−1 reveals some of the cell before any pre-processing. b) Peak
integration between 1160–1504 cm−1 reveals some of the cell after all pre-processing (cosmic
ray removal to normalisation). c) Peak integration between 2806–3025 cm−1 leads to a
better segmentation of the cell, with the thinner area at the edge also being included and
the surrounding background successfully removed. d) Peak integration between 2806–
3025 cm−1 after processing gives a similarly good cell identification as (c). e) Principal
Component 1 (PC1) before processing provides near-perfect segmentation that includes the
cell periphery. f) PC1 after processing. g) K-means cluster analysis with two clusters fails
to capture cell periphery and has top to bottom heterogeneity. h) K-means cluster analysis
with two clusters after data processing correctly finds the cell, though excludes the periphery.
i) K-means cluster analysis with three clusters places another cluster inside the main body
of the cell. j) K-means clustering of three clusters after processing is the most successful at
usefully discriminating the whole cell, including its centre and weak periphery. k) A Raman
spectrum of the clusters in (j) indicate that the cell periphery contains cellular peaks in the
CH region of 2807–3025 cm−1.
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Fig. 3.12 Different techniques to detect an MRC5 cell. a) Peak integration in the region
1159–1503 cm−1 without any prior processing. This is successful for the main cell body,
but fails to segment the cell periphery, and also includes some background points. b) Peak
integration in the region 1159–1503 cm−1 without any prior processing. This segmentation
is similar, with no cell periphery, and some background points included. c) Peak integration
in the region 2806–3024 cm−1 without any prior processing. The cell periphery is partially
included. d) Peak integration in the region 2806–3024 cm−1 after processing. The cell is
well segmented, with only a few external points wrongly included. e) PC1 before processing
segments only the cell body, and the image is again similar to (c). f) PC1 after processing. g)
K-means clustering on unprocessed data for two clusters finds the main body of the cell. h)
K-means clustering on processed data into two clusters captures part of the cell periphery in
addition to the main cell body. i) K-means clustering on unprocessed data into three clusters.
This shows the main cell body, as well as some information on intracellular components. j)
K-means clustering on processed data reveals cell periphery and cell body clearly. k) The
spectra of the clusters in (j). The cell periphery cluster (dark grey), contains peaks similar to
the cell body in the CH peak region 2807–3025 cm−1.
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3.3.3 Intracellular clustering
Peak integration and PCA intracellular clustering
Fig. 3.13 Peak integration and Principal Component Analysis of Raman signal to observe
intracellular components in an A549 cell. a) Peak integration in the range 1393–1508 cm−1.
b) Peak integration of the CH peak 2806–3024 cm−1. c) Peak integration in the region
2920–3021 cm−1 shows a separate intracellular component in the centre of the cell(s). This
corresponds to the upper half of the CH peak. d) Principal Component spectra of the data,
with integration regions marked. e) PC1 shows similar spatial distribution to the CH peak
(b), with lipid droplets highlighted. f) PC2 shows a similar region to (c) peak integration,
with the upper half of the CH peak being a major component.
As well as detection of the cell itself, it is possible to analyse Raman microscopic data
to reveal intracellular components. This can be partially done with peak integration and
PCA after pre-processing as demonstrated in Figures 3.13 and 3.14. In the ‘fingerprint
region’ (800–1800 cm−1), the peak from 1394–1509 cm−1, derives strongly from lipids at
1448 cm−1 [22], and so can be integrated (Figure 3.13a and 3.14a). These lipids are also
observed in the higher wavenumber region by integration across the whole CH peak (2806–
3025 cm−1), which also appears to pick up other cytoplasmic components more strongly
3.3 Results 79
Fig. 3.14 Peak integration and Principal Component Analysis of Raman signal to observe
intracellular components in an MRC5 cell. a) Peak integration in the range 1393–1508 cm−1
reveals intracellular components in the cytoplasm. b) Peak integration of the CH peak, in
2806–3024 cm−1 leads to segmentation of cytoplasmic components, such as lipid droplets.
c) Peak integration of the upper half of the CH peak 2920–3020 cm−1 reveals the nucleus
of the cell. d) Principal component spectra 1 and 2, with the regions of integration marked.
e) PC1 is again similar to 2806–3024 cm−1 f) PC2 marks a nuclear component, marking a
similar region to (c).
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(Figure 3.13b and 3.14b). Another intracellular component can be observed by integrating in
the range 2920–3021 cm−1, which has previously been associated with nucleic acids [19]
(Figure 3.13c and 3.14c).
Principal component analysis reveal similar structures as simple peak integration, with
Principal Component 1 (PC1) being dominated by the lipid droplets and structures, as seen
in the (d) and (e) panels. This component had a strong positive variation in the lower half
(at and below 2915 cm−1) of the CH peak, as has been associated with lipids [22]. PC2
incorporates the nuclear components (such as high wavenumber CH), whilst also removing
the lipid peaks. This produces images (Figure 3.13f and 3.14f) where the lipid droplets are
outlined as negative features.
K-means intracellular clustering
K-means clustering is another technique that is suitable for intracellular clustering to ob-
serve sub-cellular organelles. This can be applied through the stages of data processing to
demonstrate the effectiveness of these techniques, as shown in Figures 3.15 and 3.16. For
this technique, the cell was first clustered into three as in Figures 3.11 and 3.12 (i and j), and
then the main cell body was further clustered.
The first pre-processing step applied to the data was cosmic ray reduction. In Figures 3.15
and 3.16 (a) to (b), cosmic ray removal appears to induce colour modifications. However,
each image uses a different, independent, arbitrary colour-coding scale and colour changes
between images are not consequential.
The next data processing step involves removal of background fluorescence by polynomial
subtraction, as seen in Figures 3.15 and 3.16 in panels (b) to (c). This actually makes the
spatial correlation of the intracellular clusters worse, particularly in the A549 cells. This
could be because information in the fluorescence helps to cluster the cells. However, these
signals are insufficiently specific so it is correct to remove the fluorescence to leave only the
Raman data.
Smoothing under the Savitzsky - Golay algorithm was then applied, and did not affect
the clusters. This was expected as k-means clustering is an algorithm that depends of
averages, and should therefore not be strongly affected by random noise. This is still an
useful part of data processing, nonetheless, as it makes the peaks clearer when observing
the spectrum, thereby aiding interpretation. After smoothing, high and low wavenumbers
were removed from the spectrum, leaving the range 818–3072 cm−1. This was to remove
the water (3500 cm−1) and quartz peaks (500 cm−1), as an attempt to remove some of the
heterogeneity from top to bottom, which was partially observed in the k-means clusters.
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Fig. 3.15 K-means clustering on an A549 cell to display organelles. a) Some top to bottom
heterogeneity (y = 0 to y = 30) can be seen in the clusters. b) Cosmic Ray Removal seems
to make little difference to the sub-clusters. c) Background subtraction removes most of
spatial correlation in the clusters. d) Smoothing does not alter the clustering from background
subtraction very strongly. e) Shortening the spectra restores the appearance of intracellular
spatial clusters. f) Normalisation creates clusters that are similar to (h) and (i). g) The
Raman spectra of the clusters shown in (f). Clusters have been assigned as described in
the main text. A549 Cluster 0 (AC0): background medium; AC1: cell periphery; AC3:
cytoplasmic component; AC5: nucleus; AC6: cytoplasmic component; AC7: lipid droplets.
(h) Fluorescent staining using NucBlue (Blue) shows the nuclear region. h) Independent
analysis from Dr Jakub Surmacki using WITec Project Plus for data analysis, as published in
Surmacki et al. using the same pre-processing techniques [2].
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Fig. 3.16 K-means clustering on an MRC5 cell to display organelles. a) Some clusters are
more pronounced at the bottom of the cell (y = 20) indicating artefactual heterogeneity. b)
Cosmic ray removal again makes no noticeable difference to the sub-clusters. c) Background
subtraction seems to decrease spatial correlation in the clusters. d) Smoothing again does
not alter the clustering from background subtraction very strongly. e) Shortening the spectra
causes more spatial clustering of the k-means clusters, though still with y-direction hetero-
geneity. f) Normalisation creates clusters that are similar to (h). g) K-means cluster spectra
from (f). Clusters were assigned by peak information as described in the main text. h)
Independent analysis of the data from Dr Jakub Surmacki using WITec Project Plus for data
analysis as published in Surmacki et al. [2].
3.3 Results 83
Finally, normalisation was used to further remove heterogeneity, including that which comes
from general variations in signal intensity, such as varying laser power.
After normalisation, k-means clustering allows identification of some of the clusters.
Firstly, the cell medium is observed surrounding the cell in A549 Cluster number 0 (AC0,
green) and MRC5 Cluster number 1 (MC1, green). This is similar on both, with peaks as
expected from full medium with serum in the ‘fingerprint region’ 800–1800 cm−1 (Figure
3.6a). MC0 has a very small CH peak at 2930 cm−1, indicating there may be a small amount
of cell periphery in this component.
The cell periphery is identified as before (Figures 3.11 and 3.12), and shown here as
AC1 (purple) and MC2 (purple). This contains a weaker CH peak 2930 cm−1 [22] due to
the physical thinness of the cell periphery. By displaying the processing steps and k-means
clustering together it is clear that normalisation is essential to find this.
An intracellular organelle that is clearly found in each cell is the nucleus - AC5 (pink)
and MC4 (blue). These clusters show a strong peak at 1326 cm−1, which is known as a DNA
peak [22]. The A549 scan actually appears to contain two separate nuclei, indicating that
an original cell may have divided into two, and the nuclear shape elongation may indicate
another division is imminent. In any case, these reproduce the nuclear identification as seen
from peak integration and PCA (Figures 3.13 and 3.14).
Another component that can be identified is related to the lipids of the cells. AC7 (grey)
and MC6 (brown) both exhibit a peak at 2880 cm−1, known to be associated with lipids [22].
The spatial distribution of AC7 means that it can be described as lipid droplets, where MC6
has a wider spatial extent. MC5 (pink), MC7 (grey), AC3 (yellow), AC6 (brown) are other
cytoplasmic components, likely containing endoplasmic reticulum and mitochondria, given
their nuclear proximity.
As well as the peak data, partial confirmation for these clusters comes from fluorescence
(Figure 3.15h) and spatial similarity to a separate analysis. The nuclear cluster in A549
cells is matched closely to the co-registered fluorescence of the NucBlue stain, as expected.
Furthermore, analysis on the same data by Dr Jakub Surmacki in the commercial software,
WITec Project Plus, produced similar clusters, with differences in the MRC5 perinuclear
region (Figure 3.16h [2]).
3.3.4 Chemical changes over time
Using the k-means clustering and data processing techniques developed above, it is possible
to observe changes inside the cell. In this case, an A549 cell was scanned 15× at 9.8 mW
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over a period of 3 hours (Figure 3.17). Over time, the cell shows two major changes. With
each scan, the cell periphery (green in the first image) reduces in size, including showing
some circular structures (Figure 3.17k), that may correspond to blebs. Secondly, the cell
experiences nuclear fragmentation in scans (Figure 3.17 n to p). Both of these are typical
of apoptotic cell death [44]. This cell death is related to the measurement process, as cells
that were not measured remained well extended in their periphery. This is an indication that
10 mW is too high for this pattern of repeated scans.
3.4 Discussion
Hardware
In this chapter a commercial instrument was used in order to develop data analysis protocols
for Raman microscopy. The commercial instrument was used while the custom setup
described in the previous chapter was under construction, and it differs from the bespoke
instrument in various ways. Firstly, this Raman system operates at 488 nm, unlike the custom
532 nm microscope. While most of the Raman peaks will be common to both wavelengths,
some differences in fluorescence intensity and peaks are likely. Samples will probably have
lower fluorescence intensity at the longer wavelength [164]. In addition, the custom system’s
wavenumber range is restricted and does not include the helpful information content of the
CH peak for clustering as these wavelengths overlap with the diamond nitrogen vacancy
fluorescent centre. On the other hand, in addition to successfully exciting NV nanodiamonds,
working with an excitation at 532 nm may prove very useful for mitochondria imaging as
cytochrome c is resonantly excited at this wavelength, producing measurable Raman peaks
that both help locate mitochondria, and measure apoptosis [133]. A further difference is
that cells will likely experience different biological impacts at 532 nm as compared 488 nm.
While lower energy (longer wavelength) light is likely to be less harmful, it is not possible
to optimise the parameters such as laser power, integration time and scan number on the
commercial system, as these would not be applicable on the custom system.
Live cell imaging
The live cell Raman imaging protocol was developed with lung cancer cells (A549) and fetal
lung fibroblast cells (MRC5). The similarity of the protocol and analysis for these cells is
an indication that these techniques are not narrowly dependent on cell type. Nevertheless,
if significantly different cells such as stem cells or neurons were to be used in future, both
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Fig. 3.17 An A549 cell were scanned 15 times at a beam path laser power of 9.8 mW over
a period of 3 hours. K-means clustering was applied to each Raman scan independently, in
the same way as described in Figure 3.15. Colours represent arbitrary labels for the clusters.
Image (a) labels the nuclear region (N, in brown) and the Cell Periphery (CP, in green). Scans
(a)-(p) show the recession of the cell periphery as the cell is damaged, and scans (n)-(p) show
the disintegration of the nuclear cluster.
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practical and analytical protocols will have to be optimised. In addition, the optimisation
of scanning parameters (e.g. collecting a few points per cell only) remains to be explored.
A further protocol choice that has not been investigated is the choice of objective lens. The
highest numerical aperture lens was used to increase signal from low concentrations of
chemicals. However, there may be circumstances where it is advantageous to increase the
size of the spot with a lower magnification objective, in order to get a more representative
signal.
Software
The software used in the data analysis of this chapter consists in Python libraries, particularly
Hyperspy. Other programming languages may be used to achieve similar results. However,
Python combines the properties of speed, open source, high level easy programming and
extensive libraries in a way that is not common to many other languages such as Matlab.
The commercial instrument includes WITec Project 4.0 analysis software. The use of
Hyperspy presents several advantages over the WITec Project. Firstly, all analysis in this
chapter can be easily checked and reproduced by display in Jupyter notebooks, improving
the reproducibility and integrity of the science done. Secondly, WITec Project does not
always comprehensively describe the methods behind its use, with the exact algorithms being
protected under commercial secrecy. Thirdly, data stored under Python analysis appears to
be approximately half the size of the equivalent WITec file. Fourthly, Hyperspy provides a
clear conceptual framework of navigation spaces and signal spaces which are particularly
user-friendly. Finally, the free open source nature of Python means that this analysis can
be applied on custom built systems while the WITec Project relies on licenses covering
specific hardware and software and it is not possible to import data into the software from a
non-WITec machine.
However, there are also some disadvantages of using the Python-based approach. For
some users, the greatest issue is that the WITec Project approach is fundamentally based
around a Graphical User Interface (GUI), rather than a coding interface. This is partially
offset by the close implementation of GUI elements in Hyperspy, but there still remains a
barrier to entry for some. Secondly, the WITec software also has more advanced features
built in, though Hyperspy can easily interface with other libraries to provide additional
support (such as SKLearn for k-mean clustering). Thirdly, the WITec software allows quick
analysis whilst data is being collected. However this is not required for the project discussed
here. Finally, it is worth noting both WITec Project and Hyperspy systems are optimised for
hyperspectral data, and run at a convenient speed on all analysis.
3.4 Discussion 87
Principal Component Analysis
In this chapter, PCA was used to find artefacts in the data, as well as displaying the cell and
some organelles. It could be further developed to remove noise from the data by removing the
noisiest components, though noise removal was adequately provided by the Savitzky-Golay
technique. The Savitzky-Golay technique has the advantage that it can also be used on a
single spectrum, therefore making the pre-processing analysis pipeline more flexible [272].
For analysis in this work, PCA components were selected visually on their spatial distribution,
but this could be improved in future by using ‘scree plots’ to only choose components that
have a certain amount of information.
Pre-processing
The data preparation techniques in this chapter were performed on the data with reference to
common processes in the literature [303]. Nevertheless, there were still some challenges with
implementing these. One example is that the Raman peaks in the fingerprint region (800–
1800 cm−1) are too close to each other for the background to be observed and effectively
fitted. Unfortunately this means that polynomial background subtraction can reduce the
signal to below zero, as seen in Figure 3.15. There may also be a limitation associated with
the smoothing applied after this. The Savitzky-Golay algorithm depends on an window
length given by the user. This was chosen to remove noise while preserving the signal peak
amplitudes. However this parameter and others are somewhat arbitrary, and it is unclear
whether minor modifications could have significant clustering implications. Another possible
limitation with data pre-processing is the spectral cropping procedure (shortening). This was
chosen to remove peaks associated with water and quartz, leaving the fingerprint region and
the CH peak. However, some cellular information is likely to exist in these regions, possibly
reducing clustering efficacy. On balance though, it is more useful to remove the associated
artefacts (see Figure 3.15 d to e). The final step of data processing used was normalisation.
‘Manhattan’ normalisation was used for direct comparison with WITec Project, but ‘area
under curve’ or ‘Euclidean’ (square root of sum of square differences) could also be explored.
An overall uncertainty with the pre-processing scheme is the order in which the techniques
are applied. While some are independent effects, it is also possible that the clustering could
be altered by the order in which these are applied.
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K-means clustering
After processing the data, k-means clustering was applied to find cells, find intracellular
organelles, and track changes through time. For simplicity, k-means clustering was used to
assign each point to a single cluster. For further development, fuzzy c-means clustering could
be used to account for the fact that a single point may contain multiple organelle components.
This technique works by assigning probabilities that each point belongs to each cluster, rather
than a complete assignment of each point to only one cluster. A problem with k-means
clustering is that it relies on a number of clusters that is chosen by the user, independently of
the variation within the sample. Following that, many of these clusters appear very similar
(unlike in PCA), making it difficult to interpret some of the clusters (e.g. in Figure 3.15g).
For cellular segmentation, k-means clustering with pre-processing and three components
was observed to be the most effective at outlining the cell without the inclusion of background.
Peak integration is a simpler approach however, and so is more useful during an experiment to
find cells for scanning. There is a potential issue with this in that peak integration requires a
threshold to be set, which requires a whole cell scan to be accurate. However in approximate
terms, this corresponds to the existence of a peak above the noise floor, and so a cell can
be identified from a single point with sufficient confidence. For the whole cell scanning of
Figures 3.11 and 3.12 the cell detection could be improved by setting spatial size thresholds
to remove the small background spots.
For organelle segmentation, cluster identification was performed as in other studies [22].
Although some cytoplasmic components were not unambiguously identified, it is reasonable
to hope that mitochondria and cytochrome c signal will be identified using the same technique
at 532 nm [133, 141, 164].
Cellular change over time was observed via organelle clustering. It would also be possible
to view cellular changes spectrally, as outlined in chapter 1. This would be advantageous as
it would not be necessary to continue to do whole cell scans during measurement. During the
scanning experiment, apoptosis of the cell was observed. The cause of apoptosis in the cell
is unclear, but may be related to repeated laser scanning. It will be necessary to carefully
check power levels at 532 nm to ensure that there is no similar cell damage. These changes
were important to observe as they provide complementary and related information to the
proposed nanodiamond measurement. Mitochondrial membrane potential (∆Ψm) has been
shown to be linked to biological processes such as apoptosis, with |∆Ψm| first increasing as
potassium channels are blocked [45, 8] and then decreasing as the mitochondrial Permeability
Transition Pore is opened [41, 32]. These links have been described in more detail in Section
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1.1.2. Furthermore, (section 1.3.2), this rich data could be analysed in order to investigate
other processes such as metabolic rate and reactive oxygen species.
3.5 Conclusion
Overall, imaging protocols and data analysis protocols have been developed to measure cells
with Raman microscopy. This technique removes the need for adding fluorescent dyes that
could interfere with nanodiamond measurement spectrally and biologically. Artefacts in the
data were identified and removed, and techniques were developed to make use of the full
spectral information, such as PCA and k-means clustering.
These successfully detected a cell, both in a helpful way for an ongoing experiment, and
in a different way for exact segmentation later. This supports the direct measurement of
mitochondrial membrane potential using nanodiamonds by restricting the area of search to
find only intracellular nanodiamonds.
Cell segmentation also enabled organelle detection and partial identification, which was
supported by fluorescence data and independent analysis. This can support the process of
nanodiamond membrane potential measurement by specifying the location of the nanodi-
amond within the cell. In the future, the nanodiamonds will be targeted to mitochondria,
although Raman detection of this specific organelle was not possible at the wavelength used
here. However, this should be possible at 532 nm, the illumination wavelength of the custom
system.
These cellular organelles were then observed to change through the process of apoptosis.
By monitoring the process of apoptosis with Raman spectroscopy simultaneously with
nanodiamond measurement of ∆Ψm, it will be possible to have a broader understanding of
the cell changes, that helps to bring insight into mechanisms of cell death.
Importantly, the data acquired on the commercial system were analysed in Python, a
free, open source language, enabling the translation of these techniques onto a new custom
Raman microscope tailored for Nitrogen-Vacancy Centre measurements for the investigation
of mitochondrial membrane potential in cells.
Having developed Raman protocols in this chapter, and previously developed a custom
instrument (Chapter 2), it is necessary to develop biological understanding and protocols
with nanodiamonds to complement this. This is the subject of Chapter 4.

Chapter 4
Biological effects of nanodiamond
oxidation
Dr Laura Ansel-Bollepalli (LB) performed the proliferation measurements as shown in Figure
4.13 and prepared the samples shown in Figure 4.5. Dr Jakub Surmacki (JS) performed the
oxidative stress experiment in Figure 4.17. The images for these experiments were analysed
by Ben Woodhams (BW). All other work was completed by BW. Most of this work is published
as Woodhams et al. [1].
4.1 Introduction
4.1.1 Oxidation: motivation and literature review
Nanodiamonds have been proposed as a reliable and capable replacement for fluorescent
dyes in biomedical applications, that would overcome some of the limitations associated with
dyes. Owing to their superior spin properties over detonation nanodiamonds, High-Pressure
High-Temperature (HPHT) nanodiamonds are commonly exploited for measurements using
the nitrogen vacancy centre (NVC) [74, 73].
After HPHT and detonation nanodiamond fabrication, the nanodiamond surface is typi-
cally a layer of sp2 graphitic carbon [304–306]. For metrology in cells, this graphitic layer is
often removed by oxidation, which has been to shown to: reduce charge switching between
the NV− and NV0 charge states [241]; improve brightness [307]; and facilitate surface
functionalisation to target nanodiamonds to particular intracellular sites [67, 308]. Identi-
fying and understanding any cellular perturbations caused by the biological application of
nanodiamonds with different surface chemistries is vital. This chapter focuses on optimising
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the process of oxidation, characterising the physiochemical differences that result and the
biological consequences of these. Overall this project aims to measure ∆Ψm with nanodi-
amonds as a key parameter that is linked with processes such as apoptosis and oxidative
stress. Therefore it is particularly important any impact of oxidised nanodiamonds on these
processes.
The ability to perform intracellular measurements using nanodiamonds relies on a robust
knowledge of the processes that govern their internalisation and retention. Both graphitic
and oxidised nanodiamonds have been observed to be internalised [309, 310], with oxidised
nanodiamonds explicitly shown to be actively internalised by clathrin-mediated endocytosis
[234]. Oxidised nanodiamonds also appear to enhance the uptake of various pharmaceuticals
compounds thus increasing their efficacy [119]. The rate at which graphitic and oxidised
nanodiamonds are expelled from cells has been reported to be slow, with only about 15 %
oxidised nanodiamonds expelled after six days in HeLa cells [309, 258].
Next, consideration must be made of their potential to cause apoptosis. Both graphitic and
oxidised nanodiamonds have been demonstrated to have little or no short-term cytotoxicity in
human cells in complete culture media at sizes above 30 nm [311] and in the size range 2–20
nm [90–92, 312–314] which correspond to detonation nanodiamonds. However, in one study
on detonation nanodiamonds, there have been cytotoxic effects observed in bacteria with both
surface types [315]. Many studies have focused on short-term viability; for the longer term
experiments enabled by the chemical- and photo-stability of nanodiamonds, a greater impact
may be observed on proliferation over time, where slow cell division and death processes
can be examined. Application of 2–10 nm graphitic unmodified detonation nanodiamonds in
serum-free media over 24, 48 and 72 h has been shown to reduce cell number [121], although
a similar study at 24 h for 2–10 nm graphitic and oxidised nanodiamonds did not observe a
significant effect [91]. Furthermore, in full medium over 48 h, 100 nm oxidised diamonds
have been shown to have little influence on cell number [316].
In addition to changes in cellular proliferation, nanoparticles may cause transient stress
responses [317, 318], which have yet to be fully explored for nanodiamonds. For example,
oxidative stress, an imbalance of free radical species and antioxidants, is an important
parameter that is linked to many cell processes such as apoptosis, DNA degradation, as
well as cardiovascular and neurodegenerative diseases, and cancer [319, 320], as outlined in
Section 1.1.2. If nanodiamonds are to be exploited as a potential replacement for fluorescent
dyes, they should not only be benign in terms of their impact on proliferation, but they should
also avoid induction of cellular stress responses. There have been a limited number of studies
of nanodiamond induced oxidative stress responses; while 3–10 nm unmodified detonation
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nanodiamonds showed a small antioxidant effect [321], 5 nm oxidised detonation diamonds
were found to generate low levels of reactive oxygen species in one cell line [92]. Detonation
nanodiamonds often contain more chemical impurities than HPHT nanodiamonds, likely
changing their biological impact [125]. Acid-oxidised 15 nm diamonds were observed to
have no effect on unstressed neural cells and actually protected stressed cells from oxidative
damage [322].
In this chapter, the biological impacts of both graphitic and oxidised HPHT nanodiamonds
are investigated by analysing cellular uptake as well as proliferative and stress responses
in two breast cancer cell lines. The focus is on HPHT nanodiamond rather than detonation
diamond due to the aforementioned advantageous sensing capability. The first direct compar-
ison of graphitic and oxidised HPHT nanodiamonds using realistic concentrations for single
cell measurements (≤ 1µgml−1), rather than the higher concentrations typically used for
drug delivery is presented.
4.2 Methods
4.2.1 Chemical characterisation
Nanodiamonds (Non-detonation, NaBond Technologies Co., China) were manufactured by a
High-Pressure High-Temperature (HPHT) bulk diamond process then milled to a nominal
45 nm, with less than 50ppm nitrogen impurities and containing fluorescent nitrogen-vacancy
centres. Oxidation to remove the graphite by burning was performed in a Vecstar VTF1SP
tube furnace in air, calibrated with a K-type thermometer to 445±5 ◦C. The error is given by
the uncertainty in spatial positioning of the sample within the tube. Nanodiamonds were drop-
cast onto a quartz coverslip (CFQ-2520, UQG Optics, UK) or contained in a crucible (SS22,
Almath, UK) with water. Following a literature review of previously applied conditions for
oxidation in air (Table 4.1), the sample was heated in air at 450 ◦C for 5 hours (Figure 4.1).
Initially, thermogravimetric analysis was performed to optimise the experimental conditions,
then the success of the removal of the graphitic layer was evaluated.
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Fig. 4.1 Nanodiamond oxidation by heating in air. a) A photograph of graphitic and oxidised
nanodiamonds at 1 mgml−1 in water shows a colour change after oxidation. b) Temperature
profile for the procedure of nanodiamond oxidation. This was performed in air.
Conditions Comments Reference
425 ◦C
Above 450 ◦C all forms of carbon
are etched. Most likely surface
functional group afterwards is
COOH. This work is a review paper
of oxidation conditions.
Krueger and Lang (2012)
[67]
400 ◦C for 1 hour (h)
5 nm nanodiamonds still contain a
graphitic Raman peak as high as
diamond after oxidation, so this is
not completely effective.
Smith et al. (2010) [304]
450 ◦C for 6 h Zhao et al. (2014) [323]
500 ◦C, 550 ◦C, 600 ◦C for
5h
Some mass loss was observed. Sotoma et al. (2015) [324]
510 ◦C for 4.5 h
These authors found 4.5 h to be
better than 1 h or 2 h.
Havlik et al. (2013) [307]
Different temperatures
between 25–1000 ◦C for
2 h
G band does not completely burn
away
Cebik et al. (2013) [325]
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Conditions Comments Reference
600 ◦C for 6 h in O2 70% mass loss was observed.
Aramesh et al. (2015)
[326]
425 ◦C for 4 h
This was a careful and slow process,
described as ’layer-by-layer’.
Etzold et al. (2014) [327]
425 ◦C for 5 h
This protocol is widely used and
cited.
Osswald et al. (2006) [328]
450 ◦C for 1 h then piranha
acid cleaning at 100 ◦C for
3 h
Mohan et al. (2010) [329]
Table 4.1 A review of oxidation techniques in the literature implies that most groups use
approximately 400–500 ◦C. Most work above 450 ◦C incurs significant mass loss and most
work uses 4–6 h. Therefore, this implies that it is reasonable to investigate heating conditions
of 425 ◦C and 450 ◦C for 5 h.
Thermogravimetric Analysis (TGA) was used to investigate the weight loss as a function
of temperature to identify the temperature at which graphite was burnt away whilst preserv-
ing the diamond. TGA was performed with 14 mg of nanodiamond powder (TGA 4000,
PerkinElmer, USA). To evaluate optimal conditions for oxidation, the heating temperature
was increased at 3 ◦Cmin−1 or 1 ◦Cmin−1 up to 900 ◦C in air and the weight was measured
every second. A plateau was observed at 650 ◦C. The temperature was held at 120 ◦C for
30 minutes to remove water. Heating at 3 ◦C per minute decreased the nanodiamond mass
remaining from 75% to 25% between 546±1 ◦C and 592±1 ◦C. Upon slower heating at
1 ◦C per minute, the nanodiamonds were reduced from 75% to 25% mass between 534±1 ◦C
to 545±1 ◦C (Figure 4.2a). The largest mass loss rate is found at a consistent temperature,
537±1 ◦C (3 ◦Cmin−1) and 535±1 ◦C (1 ◦Cmin−1), as an exothermic reaction occurs to
sustain a burning phase. These results place an upper bound on the temperature required to
conserve most of the sample mass in a heating plateau profile at 535±1 ◦C. Considering the
derivative of this curve (Figure 4.2b), 425–450 ◦C appears to be sufficiently far below the
onset of burning to perform the oxidation.
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Fig. 4.2 Thermogravimetric analysis to establish appropriate conditions for oxidation. Heat-
ing nanodiamonds in air on a weight balance indicates that 450 ◦C is an appropriate tem-
perature to oxidise the surfaces of nanodiamonds. a) The mass of a nanodiamond sample
as the furnace temperature is increased causing the diamonds to burn. b) The mass change
plot is the derivative of (a) and shows that the onset of major mass loss occurs at 535±1 ◦C
and 537±1 ◦C for the two samples. c) Temperature plateaus at 450 ◦C and 650 ◦C show that
450 ◦C only causes slow mass loss. d) A zoomed version of (c) on the 450 ◦C temperature
plateau where it is observed to cause mass loss at -1.20±0.02%/hour.
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In order to understand the effect of 450 ◦C heating on nanodiamonds, the temperature was
increased to 450 ◦C in 5 min, and then held at that level while the mass change was monitored
at 1 s intervals (Figure 4.2). The instrument temperature was calibrated by alumel, perkalloy
and iron magnetic phase transitions at the temperatures 154.2 ◦C, 596 ◦C and 780 ◦C to be
accurate to ±1 °C across this range. The error in the mass fraction decrease is given by
combining the errors in the linear fit with the nominal error in mass accuracy of 0.02%.
To assess the impact of the oxidation process on the nanodiamond chemistry, optical
spectroscopy was performed. In Raman spectroscopy it is possible to observe the amount of
graphite relative to diamond carbon, so this was the primary technique used to optimise the
oxidation procedure [250]. Fourier Transform Infra-Red (FTIR) spectroscopy was also used,
as it is able to determine the type of oxygen groups present on the surface.
Raman micro-spectroscopy was performed with a WITec Alpha 300 R Confocal Raman
microscope (WITec GmbH, Germany). Samples were prepared by drop-casting diamonds
onto a calcium fluoride substrate (CAFP25-1U, UQG Optics, UK) and Raman spectra were
recorded using 4 mW 488 nm excitation (CMX1-04813, Newport Corporation, USA) and
a 20× NA=0.4 objective (421350-9970-000, Nikon, Japan). The power of the laser was
chosen so that there was no damage of the sample after 10 scans, which was observed when
operating at 10 mW. Data were collected across a 400µm× 400µm area in 1µm steps with
0.5 s integration time per point and the wavenumber positions were calibrated by measuring
a silicon standard. This comprehensive scan was necessary to average over the variation
observed from taking single spectra.
Raman spectra were analysed using k-means clustering (WITec Project 4, WITec GmbH,
Germany) to extract the diamond signal. Fluorescence background was removed by fitting
and subtraction of a 5th order polynomial between 800–1300 cm−1 and 1710–2500 cm−1.
Data were normalised to the integral of the pure diamond peak between 1280–1390 cm−1.
The relative amount of amorphous carbon on the sample was calculated by integration
between 1490–1660 cm−1 and this wavenumber range was used for p-value significance,
error calculation and percentage reduction. The area was calculated by using trapezium rule,
and its error was estimated by the standard deviation of the data around a cubic fit. P-value
significance was investigated by a two-tailed Mann-Whitney U test as the data did not pass a
normality test.
Fourier-Transform Infrared (FTIR) spectroscopy was conducted in air with a Nicolet iS10
transmission instrument (ThermoFisher Scientific, USA) with the sample of nanodiamonds
on NaCl windows (Z527130, Sigma-Aldrich, USA). 64 scans per sample were taken with
2 cm−1 resolution. For each measurement, a background of air and an empty slide was used.
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FTIR spectra were processed by subtracting a cubic polynomial background in the ranges
700–3100 cm−1 and 3800–4000 cm−1, and smoothed using a Savitzky-Golay filter (width
201, order 2). Figure 4.3 illustrates the optimisation of spectral resolution and choice of
background for collection of reliable FTIR spectra.
4.2.2 Size characterisation
Atomic Force Microscopy was used to measure individual particle size, to ascertain whether
the smallest particles were burnt away, and this was complemented by Dynamic Light
Scattering (DLS) and optical scattering microscopy to measure aggregate particle size in
solution. DLS and optical scattering measurements are important as they are a better measure
of the size of particles that the cells will be exposed to. This is important to know as cells
may use different uptake mechanisms depending on particle size.
Firstly, two intersecting scratches were made with a diamond cutter onto a quartz substrate
(CFQ-1250, UQG optics, UK) for localisation. The substrate was cleaned in acetone then
isopropanol in a Sonorex Digital 10P Ultrasonic bath at 63 ◦C (Bandelin GmbH, Germany)
without a probe for 30 minutes each. The nanodiamonds were suspended in ethanol at
1.6 mgml−1 and sonicated for 90 minutes at 320 W of ultrasonic power before deposition
on the quartz by a respiratory nebuliser (U22, Omron Healthcare Co., Kyoto, Japan). A
15 µm×15 µm, 4096×4096 scan was taken at 0.2 Hz per line with Nanoworld Arrow-FM-20
Force Modulation tips using non-contact air topographical imaging. AFM was chosen over
Scanning Electron Microscopy (SEM) as it better resolves surface features that are hidden by
the sputter coating normally used in SEM preparation.
AFM data were processed in Gwyddion (GNU General Public License at
www.gwyddion.net). At least 861 nanodiamonds were assessed. The data were linearly
subtracted during collection to correct for tilt. Each image was rotated by 2.2° for mutual
alignment and an identical background area on each was set to zero. The images were
cropped to show the same diamonds. Data were collected by applying a threshold mask that
selected all observed diamonds (3 nm for each), then all diamonds in the shadow of the large
particles were removed and the maximum height of the remaining particles was exported.
The error in the mean was calculated by dividing the standard deviation by the root of the
population size and the distributions were compared by the Mann-Whitney U test.
Dynamic Light Scattering (DLS) data were collected with a Malvern Zetasizer Nano ZSP
instrument to interrogate the particles in solution. Samples were vortexed for 2 minutes at
2025 Hz on a VWR Mixer (444-0203, VWR International Ltd., USA), followed by sonication
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Fig. 4.3 FTIR scan parameter optimisation. a) Scanning air at different spectral resolutions
0.5–4 cm−1, zoomed in on the carbon dioxide peak. Choosing a spectral resolution more
precise than 2 cm−1 causes oscillations that are artefacts that obscure the signal. These are
likely a result of inference of a part of the instrument [26]. b) The ethanol standard spectrum
(blue) was downloaded from Collection© 2009 copyright by the U.S. Secretary of Commerce.
The orange spectrum is the FTIR spectrum of ethanol on a NaCl slide, with the same slide
used as a background. The green spectrum the FTIR spectrum of ethanol on a NaCl slide,
with a different NaCl slide used as a background. The FTIR results are higher resolution
than the standard sample, but otherwise similar. Using the same slide or a different slide as
background seems to be make no difference to the result.
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in an Ultrawave U300H (Ultrawave Ltd., UK), a repetition of vortexing, then filtration through
a 0.45 µm Polyethersulfone syringe filter (514-0075, VWR International Ltd., USA). The
sample was placed within a plastic cuvette for the experiment (67.754 Polystyrene, Sarstedt
AG & Co., Germany) with 637 nm excitation and collection via 173° backscattering. Data
were only used when meeting the automated quality criteria from the Malvern Zetasizer
software ’Expert advice: data meet quality criteria’.
For optical scattering microscopy was performed on an Olympus Confocal Fluorescence
Microscope FV1200, nanodiamonds were added to DMEM/F-12 medium without cells at
a concentration of 1µg/ml. This was chosen as a independent measurement of aggregates
in solution alongside DLS. The aggregates were observed with confocal optical scattering
imaging by collecting an image z-stack near the base of the well by scanning at 633 nm
using a 60× oil objective. The scan size is 30 µm of 30 z-direction slices of 210 µm×210 µm
images of 2048×2048. This makes the lateral pixel size 103 nm and the axial pixel size as
1 µm. Scattering interference artefacts from the bottom of the well were averaged over by
z-projection and then using a rolling ball correction [330] of 50 pixels in size. Aggregates
were then thresholded and analysed for oxidised and graphitic diamonds.
4.2.3 Biological characterisation
MDA-MB-231 and MCF-7 adherent breast cancer cells were grown in phenol-free Dulbecco’s
Modified Eagle Medium (DMEM, 11880-028, ThermoFisher Scientific, USA) with 10%
heat inactivated Fetal Calf Serum (FCS, 1050064, ThermoFisher Scientific, USA) and 1 mM
pyruvate (11360070, ThermoFisher Scientific, USA). The cells were sub cultured at 80%
confluence in ratios 1:20 for MDA-MB-231s and 1:10 for MCF-7s. MDA-MB-231 and
MCF-7 origins were verified by short tandem repeat genotyping (performed via the Cancer
Research UK Cambridge Institute, UK). These two cell lines were chosen for investigation
based on their properties: MCF-7 is a slow-growing, oestrogen dependent cell line, whereas
MDA-MB-231 is a fast growing, oestrogen independent cell line. They have also been used
in multiple different uptake studies for nanoparticles [331–336], and show different levels of
expression for uptake proteins [337].
The number of nanodiamonds per cell was calculated using the following parameters.
C: Concentration = (0.01, 0.1 and 1µgml−1); V: Volume of medium in a well = 0.3 ml; L:
Mean characteristic dimension of the individual nanodiamonds [338] = 23 nm; ρ : Density of
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diamond = 3.5×103 kgm−3; and N: Number of cells per well = 3×105.




Cells were seeded into six optical-quality eight-well plates (IB-80826, ThermoFisher Sci-
entific, USA) at 5×104 cells per well, and incubated overnight to allow for attachment.
Graphitic and oxidised nanodiamonds at 1µgml−1 in 300µl phenol-free medium with serum
were added to three wells each per plate, and fresh medium without nanodiamonds was
added to two wells per plate as controls. The plates were left for 1, 2, 4, 8, 24 and 48 hours.
At the completion of the uptake time, the wells were washed 3× in medium. They were then
fixed in a solution containing 4% paraformaldehyde (HT5011, Sigma-Aldrich, USA) for
15 minutes, followed by three washes in Hank’s Balanced Salt Solution (HBSS, 14025092,
ThermoFisher Scientific, USA). Cell nuclei and membranes were stained by addition of
3 ml HBSS containing 2 drops of NucBlue Live Ready Probes Reagent (R37605, Invitrogen,
USA) and 5 µgml−1 Wheat Germ Agglutinin - AlexaFluor 488 membrane dye (W11261,
Invitrogen, USA) simultaneously for 10 minutes. The wells were then washed in phosphate
buffered saline (PBS) (2×) and suspended in PBS (Figure 4.4).
This protocol was developed through various stages of optimisation. In the first format,
coverslips were placed in petri dishes. However this was unsuitable as nanodiamonds
moved underneath the coverslip, altering the concentration that the cells were exposed to.
Secondly, petri dishes with glass bases were used (81218-200, Ibidi), but the glass dust on
these interfered with the nanodiamond signal, even after washing. Another issue was the
detachment of cells due to the large number of washing steps. Moving the fixation step prior
to the washes ensured good cell adherence to the substrate and resolved the issue.
The fixed cell samples were scanned with an Olympus Confocal Fluorescence Microscope
FV1200, using a 60× oil objective, a pixel size of 132 nm, a scan speed of 4µms−1 and
a confocal size of 71µm with a resolution of better than 215 nm. Bright field illumination
was used to locate cells, so that at least 175 nuclei were captured per condition. The z
position was set by moving upwards until the substrate was not observed. The samples were
sequentially raster scanned with 405 nm, 488 nm and 633 nm lasers to the collect the nuclear,
membrane and nanodiamond signal respectively. Nanodiamond aggregates were detected by
elastic light scattering around 633 nm using a collection filter 575–675 nm. Light scattering
was found to be the an easiest method of nanodiamond observation than fluorescence by
varying the excitation and collection wavelengths (see Figure 4.5).
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Fig. 4.4 Protocol for nanodiamond uptake experiment into cells.
Fig. 4.5 a) Excitation and emission spectrum for nanodiamond particles. For the excitation
spectrum, signal was collected between 650–750 nm (grey shaded region) and the excitation
was varied (grey line). The excitation spectrum asymptotes to a maximum as it approaches
the detection region. b) For the emission spectrum, the nanodiamonds were excited at
532 nm (green vertical line) and the collection was repeated three times at 10 nm bandwidth
from 550–750 nm (blue, orange and black lines). and the emission spectrum does likewise
as it approaches the excitation. The best explanation for these data is that it is elastic
scattering from the particles that produces the signal, rather than any fluorescence from the
nitrogen-vacancy centres. This is likely Rayleigh scattering.
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Microscopy images were processed using custom software written in Fiji/ImageJ [27]
from the intensity image (as collected) in Figure 4.6a to the segmented Figure 4.6b. For
the uptake experiment, image filenames were initially blinded and artefacts were removed,
including the scattering signals from fragmenting nuclei. After this, nuclear areas were
measured and counted using the ‘Thresholding’ and ‘Particle Analyzer’ (>50µm) functions.
The membrane stain was used to define the edges of cells, and filled to designate areas
enclosed by membrane. These areas were then removed if found not contain a nucleus
(Binary Feature Extractor [28]). The nanodiamond scattering channel was thresholded by
considering nine representative images, including empty controls, and setting the value as
closely as possible for both cell lines. All diamonds that were not totally contained within
cells were removed (Binary Feature Extractor, 100% overlap [28]) and the remaining particles
were analysed. This is described in detail in Figure 4.7. Two factor ANOVA via Regression
was applied to account for unbalanced control with post-hoc t-tests under Dunn-Šidák were
used.
Fig. 4.6 a) Image of nanodiamond uptake experiment in MCF7 cells. Blue is nu-
cleus (NucBlue staining), orange labels the cell membrane (Wheat Germ Agglutinin -
AlexaFluor488nm) and white labels the nanodiamonds (as seen by light scattering). b)
A segmented version of (a), for quantification. Blue is nucleus, white is membrane and red is
nanodiamond. Details are provided in Figure 4.7.
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Fig. 4.7 Image processing for nanodiamond uptake quantification in Fiji/ImageJ [27]. a-
d) Nuclei segmentation. a) The image channel of the NucBlue stain. ImageJ Automatic
Threshold was set on these intensities to produce (b). The mask of (b) is then filled for holes,
dilated three times and the filled for holes again to produce (c). Particles smaller than 50
pixels (7 µm) are then removed to form image (d). e-h) Cell membrane segmentation. e)
The WGA-AF488nm channel (contrast corrected). A threshold was set by inspection on
MCF7 and MDA images as 13/255. The holes were then filled to produce (f). The image
was then dilated three times to complete the cell outlines and then all holes were filled to
produce (g). (g) was then eroded five times and Binary Feature Extraction [28] was used
in combination with (d) to remove areas of membrane that did not contain a nucleus. The
erosion was necessary as the previous dilations had expanded the cells beyond their true
boundaries. i-k) Diamond selection in order to count only nanodiamonds that are inside
cells. i) Light scattering signal from the sample. Thresholding of this image was chosen by
considering MCF7 and MDA images and set to 155/256 to produce (j). Then Binary Feature




Cellular proliferation measurements were conducted with an Incucyte Zoom System (Es-
sen Bioscience, USA). Four replicates of 0, 0.01, 0.1 and 1µgml−1 nanodiamonds were
added to MCF-7 or MDA-MB-231 cells in phenol-free DMEM media supplemented with
Glutamax (35050-038, ThermoFisher Scientific, USA) and 10 % FCS. A positive control for
proliferation change was induced using 1 mM H2O2 (386790-100, VWR, UK). Images were
analysed with the Incucyte Zoom software version 2016, and a size threshold of 350µm2
was used so that nanodiamonds were not counted as cells. This was verified by observation
of images with and without cells, and with and without nanodiamonds. Proliferation tests
were analysed with standard ANOVA.
Oxidative Stress
Cells were seeded into eight-well plates at a density of 5×104 cells per well. Cells were
incubated overnight and then washed in DMEM/F-12 medium (21041-025, ThermoFisher
Scientific, USA) with serum. Graphitic and oxidised diamonds were each added into two
wells at 1µgml−1 in 300µl media with serum and incubated for four hours. As a positive
control to induce oxidative stress, 200µM tert-Butyl hydroperoxide (TBHP) was added to
two wells one hour before imaging. Just prior to imaging, media was removed from all
wells and was replaced by media containing two drops of NucBlue dye according to the
recommended protocol and 0.5µM CellRox™ Orange Reagent (C10443, Invitrogen, USA)
for 30 minutes. Cells were then washed in fresh media and imaged live at 37 ◦C and 5% CO2
using an excitation laser at 405 nm with collection within 425–475 nm, and an excitation
laser at 559 nm with detection within 570–670 nm. A scan speed of 10 ms/pixel at a confocal
aperture of 105µm were used to capture images (512×512 pixels).
Images were processed with Fiji/ImageJ [27] to remove background and quantify the
average fluorescence intensity above a certain a background threshold. Datasets violated
the assumptions of a standard ANOVA under the homogeneity of variances condition, so
Kruskal-Wallis ANOVA was instead. It was desired to compare each sample with the control,
so Dunnett’s post-hoc test was used.
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4.3 Results
4.3.1 Surface characterisation
Oxidised nanodiamonds were prepared by heating in air using conditions measured via
thermogravimetric analysis to achieve low mass loss of approximately 2% over one hour,
converging to a linear rate of −1.20±0.02 % per hour (Figure 4.2). Verification of the
oxidation process was made using optical spectroscopy. Raman spectroscopy (Figure 4.8)
showed that the peak associated with graphitic carbon (1575 cm−1) was reduced in relative
area under curve compared to that of diamond (1332 cm−1) from 51.8±0.5 to 12.2±1.1
(arbitrary units, p = 2.2×10−12). Fourier Transform Infrared Spectroscopy also provided
further evidence of oxidation, through increased carboxyl C=O (1786 cm−1) and C-O-C
peaks (1089 cm−1) relative to C=C between 1430 cm−1 and 1490 cm−1 (Figure 4.9). Also,
as expected, the spectrum exhibited a shift in the C=O groups from aldehyde (1721 cm−1) to
carboxyl (1784 cm−1) as the groups were converted into the most oxidised form through the
heating process [328, 339–342, 305, 315].
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Fig. 4.8 Graphite is effectively removed by heating at 445±5 ◦C for 5 hours. Raman
spectra show that the graphitic signal (1575 cm−1) is reduced relative to the diamond signal
(1332 cm−1) after heating. At 425±5 ◦C, the area under the curve is reduced by 59±2%
indicating the sample has been oxidised (p = 2.2×10−12). At 445±5 ◦C, the area under
the curve is reduced by 76±9% indicating the sample has been oxidised compared to the
original graphitic nanodiamonds (p = 2.2×10−12). The nanodiamonds at 445±5 ◦C have
significantly reduced graphitic signal compared to 425±5 ◦C, showing a 42±9% relative
decrease (p = 2×10−7). NData Points = 16000. The additional noise on the 445±5 ◦C data is
a result of unintentionally leaving a reflective beamsplitter in the optical path.
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Fig. 4.9 Nanodiamond characterisation by FTIR spectroscopy. a) Fourier Transform Infrared
Spectroscopy (FTIR) of nanodiamonds, normalised to the C=C bond peak (ii) between
1430 cm−1 and 1490 cm−1. The peaks for carboxyl C=O (i) at 1786 cm−1 and C-O-C (iii)
1089 cm−1 show a relative increase after oxidation. NSample = 1. Note that the peak at
2350 cm−1 is only CO2 from the air, not from the sample. b) A zoomed FTIR spectrum,
normalised between between 1550 cm−1 and 1900 cm−1. This shows that C=O groups are
converted into the most oxidised form through the heating process (1721 cm−1 aldehyde to
1784 cm−1 carboxyl).
4.3.2 Nanodiamond Size and Aggregation
Atomic Force Microscopy (AFM) was used to assess whether there is any change in nanodia-
mond size due to removal of the graphite layer during oxidation (Figure 4.10a). The mean
size of the individual particles before oxidation was 8.1±0.2 nm, and after oxidation it was
7.5±0.2 , a reduction of 0.6±0.2 nm. From TGA we expect to see a ∼6% mass decrease
after five hours, which would correspond to a ∼0.2 nm radius decrease on a spherical 7.6 nm
nanodiamond, which is consistent with these AFM findings.
Nanodiamonds were suspended in water to measure their aggregation size (Figure 4.10b).
It was observed that the size of nanodiamond aggregates was significantly reduced from
195±3 nm to 168±2 nm by the oxidative heating process for 66µg/ml. Oxidised diamonds
were observed to be more stable in solution, with noticeable deposition of graphitic diamonds
after seconds, whilst oxidised diamonds remained in suspension for minutes. Reducing
the concentration was measured to correspond to a further size decrease, with 1µg/ml of
nanodiamonds forming aggregates of 147±3 nm. There was also a reduction in average size
observed with optical scattering microscopy (Figures 4.10c, d).




Fig. 4.10 Comparison of nanodiamond size, before and after oxidation. a) Atomic Force
Microscopy data from individual nanodiamonds measured in air of 861 nanodiamonds. The
mean size before oxidation was 8.1±0.2 nm, and after oxidation it was 7.5±0.2 b) Dynamic
Light Scattering measured in water shows the nanodiamonds aggregate, but the overall size
of the aggregates decreases after oxidation and at lower concentration. c) Nanodiamonds
were added to DMEM/F-12 medium without cells at a concentration of 1 µgml−1 and the
aggregates were observed directly with confocal optical scattering microscopy and plotted
between 0.01–1 µm. There was a small reduction in the average size of aggregates after
oxidation. The percentages of aggregates below 250 nm were 56% and 72% for graphitic and
oxidised nanodiamonds, respectively. 0.01–1 µm d) The same as c, but expanded to visualise
the range from 1–6 µm
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4.3.3 Intracellular uptake of nanodiamonds
Cellular experiments were performed using two different breast cancer cell lines - MDA-MB-
21 and MCF-7 cells. Cells were exposed to nanodiamonds for up to 48 h and microscopy
images (Figures 4.11 and 4.12) show a clear increase in the accumulation of nanodiamonds
over time, many of which were present as aggregates of similar sizes.
Our data show that MDA-MB-231 cells showed a significantly higher uptake of oxidised
rather than graphitic nanodiamonds (Figure 4.13a), with both a greater number of particles
(p = 4×10−8), as well as a greater observed area of nanodiamond signal (p = 8×10−9).
MDA-MB-231 cell uptake reached a peak after four hours of exposure of 4.7±0.9µm2
per cell and 14±2µm2 per cell average for graphitic and oxidised diamonds respectively.
The subsequent decline in signal is likely due to cell division over the following hours. By
contrast, MCF-7 cells showed a similar uptake of graphitic and oxidised nanodiamonds until
24 h, at which point the uptake of graphitic nanodiamonds appeared to reach saturation
(Figure 4.13b). MCF-7 cells also showed a level of uptake that was an order of magnitude
higher than that seen in MDA-MB-231 cells. Nonetheless, oxidised diamond uptake was also
significantly higher than graphitic diamond uptake in MCF-7 cells (p = 3×10−5), making
this a consistent finding across both cell types.
A detailed summary of the size distribution of oxidised and graphitic nanodiamond
aggregates in both cell types can be found in Figure 4.14 and 4.15. Interestingly, when
examining the distributions of particle sizes in cells, the number of particles below 0.02µm2
apparently decreases in MDA-MB-231s over time, whereas the number of particles above
1µm2 increases up to four hours, and then decreases between 8-24 hours. In contrast, MCF-7
cells continuously uptake particles throughout the 48 hour experiment.
4.3.4 Nanodiamond impact on proliferation and cellular stress
Next, experiments were performed to assess whether the uptake of graphitic and oxidised
nanodiamonds had any impact on the proliferation of MDA-MB-231 and MCF-7 breast
cancer cell lines. This would reveal any apoptotic effects from the nanodiamonds that
would be detrimental to this project’s aims. Nanodiamond concentrations of 0, 0.01, 0.1 and
1µgml−1 were added to cell grown in 24-well plates, corresponding to approximately 200,
2000 and 20000 nanodiamonds per cell. Hydrogen peroxide was used as a positive control
of cell death and phosphate buffered saline as a negative control. Automated phase contrast
microscopy (Incucyte, Essen Biosciences) was used to count cells and determine confluency
within the wells. Considering the growth phase between 48 and 108 hours, cell confluency
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Fig. 4.11 Nanodiamond uptake observed in MDA-MB-231 cells. Cells were incubated with
1µg/ml graphitic or oxidised nanodiamonds for 1, 2, 4, 8, 24 and 48 hours before fixation.
Cells were then co-stained with NucBlue nuclear stain and membrane stain Wheat Germ
Agglutinin-Alexa Fluor 488. Nanodiamond scattering signal was detected at 633 nm. An
increase in the number of nanodiamonds within cells may be observed over time up to 48 h
(white arrows denote dense cellular uptake).
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Fig. 4.12 Nanodiamond uptake observed in MCF-7 cells. Cells were incubated with 1µg/ml
graphitic or oxidised nanodiamonds for 1, 2, 4, 8, 24 and 48 hours before fixation. Cells were
then co-stained with NucBlue nuclear stain and membrane stain Wheat Germ Agglutinin-
Alexa Fluor 488. Nanodiamond scattering signal was detected at 633 nm. An increase in the
number of nanodiamonds within cells may be observed over time up to 48 h (white arrows
denote dense cellular uptake).
112 Biological effects of nanodiamond oxidation
MDA-MB-231 MCF-7a) b)
Fig. 4.13 Nanodiamonds were internalised into cells over time in two different breast cancer
cell lines: (a) MDA-MB-231 and (b) MCF-7 cells. ’Total area per cell’ refers to the total
nanodiamond intracellular area in the images divided by the number of nuclei observed in
that image. oxidised diamonds were taken up in a greater amount than graphitic diamonds
(p = 4×10−8 for MDA-MB-231s and p = 3×10−5 for MCF-7s). NBiological replicates = 2
(control) and 3 (nanodiamond sample). NNuclei = 500±200 per condition for MDA-MB-231






Fig. 4.14 Size distribution histograms from the uptake experiment for the MDA-MB-231 cell
line. The background for 24 h was observed to be anomalous, as it contained a contamination
of scattering particles. It was therefore removed from the analysis.





Fig. 4.15 Size distribution histograms from the uptake experiment for the MCF-7 cell line.
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was slightly reduced at 1µgml−1 for graphitic nanodiamonds in the MDA-MB-231 cells
(-5±2%, p = 0.0014), but no change was observed with oxidised diamonds (+1±4% p =
0.89). MCF-7 cells appeared to be unaffected by the addition of nanodiamonds of either type


























Fig. 4.16 Nanodiamonds have negligible anti-proliferative effect. Graphitic diamonds cause
a small decrease in confluency at 1µgml−1 in MDA-MB-231 cells (top left, -5±2%, p =
0.0014), but no other experiments showed any significant decrease at these concentrations.
Nreplicates = 4.
Finally, the cellular oxidative stress responses were examined to evaluate whether any
transient effects not resulting in slowed growth exist (Figure 4.17). These effects are important
as they could limit the possibility of using nanodiamonds to measure cellular processes that
are connected to mitochondrial membrane potential, such as oxidative stress (Section 1.1.2).
MDA-MB-231 cells showed significant increase in oxidative stress under application of
the positive control TBHP and for incubation with graphitic nanodiamonds (ANOVA p =
6×10−5). In post-hoc comparison, the critical threshold of the d-statistic was 2.3, which
was surpassed by the TBHP (d-stat = 8.7) and the graphitic diamonds (d-stat = 4.6). Oxidised
nanodiamonds did not show any effect on ROS production, with levels remaining comparable
to the control condition (d-stat = 1.8). This pattern of response was repeated in MCF-7 cells,
where TBHP and graphitic diamonds were found to induce stress at a level above the control









Fig. 4.17 Graphitic nanodiamonds produced increased levels of cellular oxidative stress for
(a) MDA-MB-231 cells. Graphitic diamonds had a significant d-statistic (= 4.6 > d-critical =
2.3) and TBHP performed successfully as the positive control (significant d-statistic = 8.7 >
d-critical = 2.3) (b) As (a) for MCF-7 cells. (significant d-statistic = 5.7 > d-critical = 2.3).
TBHP, the positive control performed as expected 3.6 > d-critical = 2.3. oxidised diamonds
did not increase the cellular stress in either cell line. Oxidative stress was generally higher at
1h time point for graphitic diamonds. Outliers greater than 1.5× the interquartile range were
not plotted. D-statistics were used in place of p values, as the sample did not reflect a normal
distribution, and so the analysis was done on ranked data. Nimages = 24, 31, 33, 15, 25, 24,
33, 31 (column order), Ncells = 451, 478, 671, 368, 530, 433, 897, 773.
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(d-stat = 3.6, d-stat = 5.7 respectively) and oxidised diamonds did not show a significant
change (d-stat = 1.7).
Oxidative stress measurements were made at both 1h and 2h time points; by separating
these it was apparent that MDA-MB-231 cells were most stressed in the initial 1h but had
largely returned to normal stress levels after 2h. MCF-7 cells had a more similar response at
both time points. The higher stress levels from graphitic nanodiamonds are of particular note
given the lower uptake of these nanodiamonds into cells.
4.4 Discussion
Nanodiamonds containing NVCs have been explored as a chemical- and photo-stable replace-
ment for fluorescent dyes in cells for applications such as organelle tracking and temperature
sensing. In this chapter, the biological impacts of both graphitic and oxidised HPHT nan-
odiamonds were examined in relation to cellular uptake as well as potential impacts on
proliferation and importantly, cellular stress responses. HPHT nanodiamonds where used
because of their superior spin properties that have led to wide use for biological sensing appli-
cations [17, 237, 241, 343, 344], both in graphitic [14] and oxidised forms [343]. Oxidised
forms of nanodiamond have often been used in biological experiments due to their improved
fuctionalisation capability, but direct comparison of biocompatibility via oxidative stress in
graphic and oxidised HPHT nanodiamonds from the same batch has yet to be reported.
Oxidised HPHT nanodiamonds were shown for the first time to have improved biocom-
patibility compared to graphitic HPHT nanodiamonds. In breast cancer cell lines, graphitic
nanodiamonds induced higher levels of oxidative stress despite lower uptake compared to
oxidised nanodiamonds. An order of magnitude greater nanodiamond uptake in MCF-7
cells over time was observed, particularly at the later time points, when compared against
MDA-MB-231 cells. This is consistent with the increased expression of clathrin protein in
MCF-7 cells [337], as nanodiamonds have previously been observed to be mostly internalised
by clathrin-mediated endocytosis [234]. Oxidised nanodiamond was observed to be taken
up at a higher rate than graphitic nanodiamonds in both cell lines, but with a more dramatic
difference in the MDA-MB-231 cells.
Oxidised nanodiamonds formed smaller aggregates in cell culture media, which may go
some way to explain these differences. In particular, at least 72% of oxidised nanodiamond
aggregates were below 250 nm in diameter, while at least 56% of graphitic nanodiamond
aggregates were below this size. If further size reduction were needed in future applications, it
would be possible to use techniques such as bead-assisted sonic disintegration or salt-assisted
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dry attrition milling for temporary physical separation of the particles [345], or the addition
of chemicals to the nanodiamond surface such as serum proteins [346, 347], surfactants
[348], lysine [349] or various polymers [350–354] for chemical separation.
Uptake dynamics have been shown to be shape dependent in nanodiamonds, with rounder
particles remaining in cells for longer [309], so it may be that oxidised nanodiamonds form
aggregates of different roundness; this could be verified using TEM. Furthermore, nanoparti-
cle surface charge can be an important factor in intracellular uptake, although contradictory
findings have been reported in the literature with regard to how nanoparticle interactions
with the cell surface relates to surface charges [355, 356]. Oxidised nanodiamonds have
been reported to exhibit more electronegative zeta potentials [357, 347, 100, 358], so the
difference in surface charge between the two nanodiamond types studied here may contribute
to the differences in uptake.
In proliferative studies, a small but significant decrease in proliferation was observed
under the highest concentration of HPHT graphitic diamonds in MDA-MB-231 cells. No sig-
nificant difference was observed at any of the tested concentrations of oxidised nanodiamonds,
enabling them to be good sensors of apoptosis. This low cytotoxicity profile is consistent with
other published work, which generally shows low or non-existent nanodiamond cytotoxicity
[99, 359, 92, 90, 360, 91, 361, 362], over similar time courses [314, 93, 363, 364]. The work
in this chapter on HPHT diamond aligns with studies on detonation diamond despite the
compositional differences [125], with graphitic nanodiamonds suppressing cell proliferation
and oxidised nanodiamonds having the lowest cytotoxic effect [313, 305]. Although no
anti-proliferative effect of oxidised nanodiamonds was observed, the cells were exposed
to a concentration range suitable for experiments interrogating local organelle tracking or
temperature sensing, rather than those used for drug delivery, which would be substantially
higher. At higher concentrations such as 1µgml−1 effects including apoptosis have been
observed even with oxidised nanodiamonds [75].
Evaluating oxidative stress under nanodiamonds, it was observed that graphitic HPHT
diamonds cause a high degree of stress in cells, exceeding that of the positive control. This
agrees with previous studies where unmodified nanodiamonds were observed to produce
oxidative stress [365, 366], though neither the amount of graphite nor the fabrication pro-
cedure were defined in these studies. The observation of oxidative stress under graphitic
nanodiamonds is also reported for other forms of sp2 carbon [367–369], especially pure
carbon black particles, which are observed to cause the production of reactive oxygen species
[370–372]. Horie et al. also examined three varieties of nanodiamonds with different zeta
potentials [93]. Those with positive zeta potentials caused oxidative stress, while the negative
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ones did not, which may be consistent with our findings. Of particular interest in the results in
this chapter is the fact that we did not observe any oxidative stress when cells were exposed to
oxidised diamonds, consistent with previous reports at both the cellular [322] and organism
levels [329]. This is advantageous when considering nanodiamonds as a measurement tool
for processes related to oxidative stress.
The results of this chapter therefore suggest that the impact of the surface chemistry of
nanodiamonds can be significant for biological applications. It would therefore be prudent
for nanodiamonds to be oxidised prior to application in cells, regardless of whether they are
being subjected to functionalisation. According to these findings, oxidation can increase
cellular uptake and minimise any potential oxidative stress response. These benefits exist in
addition to the well known benefits of reduced charge switching between the NV− and NV0
charge states[241], improved brightness [307] and facilitating surface functionalisation for
targeting [67, 308].
Despite the promising findings of this direct comparison of the biological impacts of
graphitic and oxidised nanodiamonds in two different cell types, there remain some limita-
tions to this study. Firstly, biocompatibility is expected to be determined by surface chemistry
and shape [373], so it is reasonable to expect that differences in the fabrication methods
such as HPHT or detonation processes could cause variations in the cellular response. A
direct comparison of nanodiamonds of a similar size and shape produced by the two different
processes would be of interest in future work. Secondly, the oxidised nanodiamonds were
prepared by heating in air alone. While this is a commonly used procedure [67], it is also
often replaced or combined with cleaning by acids, UV-Ozone, or oxygen plasma, which
may exaggerate the differences in surface chemistry, potentially leading to different results in
uptake, proliferation and oxidative stress. Thirdly, the optical scattering measurement used
in the uptake experiments above has been shown to be insensitive below a diameter of 37 nm
for nanodiamonds [374], so some signals associated with any free nanodiamonds undergoing
passive uptake may have been missed, as suggested elsewhere [234]. However, given the
size distributions of the nanodiamonds in solution, this is expected to be a relatively minor
contribution to the overall signal.
4.5 Conclusion
Nanodiamonds were successfully oxidised by heating in air at 450 ◦C for 5 hours. This
enables surface functionalisation, a crucial step in the path to the use of a nanodiamond
sensor for membrane potential in cells. In addition to this and the expected improvement
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in optical properties, the results in this chapter suggest further motivation for the process of
oxidation. Oxidised nanodiamonds have been observed to increase in uptake into the cells,
relative to graphitic nanodiamonds whilst also producing less oxidative stress. These novel
findings are crucial for the use of nanodiamonds as a revolutionary biomedical tool as it is
vitally important for any sensor used to perform measurements in a biological system to
avoid perturbation of the system that it is measuring.
This chapter has described insights into and improvements of the biological impact of
nanodiamond, and has shown how to avoid causing oxidative stress and apoptosis from
nanodiamonds. Using this it is therefore possible to combine the custom microscope in
Chapter 2, the Raman protocols and analysis of Chapter 3 and this work to make simultaneous
NVC and Raman measurements in cells. In Chapter 5, the conclusions of the project are




Mitochondrial membrane potential (∆Ψm) in cells is a critical biological parameter that
is related to diseases such as cancer through biological processes including metabolism,
oxidative stress and apoptosis. Studying ∆Ψm in normal and diseased states is limited by the
current state-of-the-art methods for measurement, particularly fluorescent dyes, which are
often toxic and prone to photobleaching.
The aim of this work was to develop electrical and chemical sensing methods to enable
sensitive detection of changes in ∆Ψm in single cells. Fluorescent Nitrogen Vacancy Centres
(NVCs) in nanodiamond were identified as potential sensors of electric field that could be
applied in living cells to directly measure ∆Ψm. Furthermore, Raman spectroscopy was
identified as a label-free chemical sensing technique that could reveal cells, reveal intracellular
organelles and track changes associated with apoptosis. This enables and contextualises the
measurement from the NVCs, since ∆Ψm is closely linked to processes such as apoptosis.
To achieve the aim of detecting changes in ∆Ψm using these two methods, complementary
NVC and Raman measurements in live cells were needed. In chapter 2, a specialised micro-
scope was designed, built and validated to enable measurement of both NVC fluorescence
and Raman spectroscopic signals simultaneously. The custom microscope developed was
shown to fulfil the design requirements, including sensitivity. For NVCs measurement, a
sensitivity equivalent to measurement of 0.2% of ∆Ψm within three minutes was achieved,
and for Raman measurement, the sensitivity was such that a Raman peak was localised to
0.05 cm−1 after 1 s.
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Next, in chapter 3, protocols and analysis techniques were developed for live cell Raman
microscopy using a commercial reference instrument. Raman microscopy was developed to
be able to detect cells, detect intracellular organelles, and detect apoptotic changes over time.
An investigation of the impact of nanodiamonds as nanoparticles for biological sensing
within live breast cancer cells, including surface modification by oxidation, was then con-
ducted in chapter 4. Diamond nanoparticles were observed to behave differently in oxidised
and graphitic forms. This work showed for the first time that oxidation of nanodiamonds
improved uptake and reduced cellular stress. The reduced oxidative stress is vital so that
nanodiamonds do not affect the system they are measuring.
By developing both NVC and Raman techniques in these ways, this project is primed
to leverage the complementary advantages of long time course measurement, common
laser excitation, the observation of nanodiamonds via Raman signal, with live single cell
interrogation.
The thesis concludes with an outlook on the future development needed to utilise NVCs
and Raman spectroscopy in the measurement of cellular ∆Ψm. Achieving this will provide
new biological understanding of ∆Ψm in normal and diseased states, allowing changes




Continuing from the work outlined in chapter 2, it would be possible to further improve the
custom microscope. Adding pulsed measurements would enable a gain in sensitivity. This
would involve adding a SpinCore timing card and an Acousto-Optic Modulator to create laser
pulses. Iwasaki et al. [15] use continuous wave measurements in order to detect fields with
a sensitivity of the order of 100 kVcm−1. However, using pulsed measurement techniques,
Dolde et al. were able to achieve detection of field as small as 0.01 kVcm−1 [375]. Some of
this difference may attributed to differences in experimental setup, but nevertheless it is clear
that pulsed measurements can offer order of magnitude improvements in sensitivity.
Another hardware upgrade to the custom microscope could be an implementation of
Shifted Excitation Raman Difference Spectroscopy (SERDS) [376, 377]. This technique
relies on two lasers that are close in wavelength (<1 nm) that are quickly switched as spectra
are recorded. This method assumes that the fluorescence excitation profile is sufficiently
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broad so that a small shift in excitation wavelength will not change the emission. In contrast,
a small shift in excitation will cause a similar small shift in the wavelength of Raman
signals, allowing them to be separated from the fluorescent background. This would be
useful in the context of biological cells, where background fluorescence is strong. This
process also allows the extraction of a pure signal of the fluorescence. This would also
open new possibilities, such as the potential detection of NV0 fluorescence and the use of
complementary fluorescence dyes.
5.2.2 Raman analysis development
Continuing from the work in chapter 3, Raman spectral data analysis could be improved
by implementing Biomolecular Component Analysis, as used by Yadav et al. [165]. This
involves the collection of Raman spectra from basic classes of biological molecules such as
proteins, DNA, RNA, lipids and enabled the observation of apoptotic changes. This technique
was found to be more appropriate for sub-cellular clustering than Principal Component
Analysis [378], and similar techniques have been developed elsewhere [379]. There may also
be other hyperspectral data analysis methods to be explored such as fuzzy c-means clustering
[380], and artificial neural networks [127, 252]. Combining these types of analysis with a
switch to excitation at 532 nm, where cytochrome c is resonant should provide new insights
in locating and understanding mitochondria [133].
5.2.3 Surface functionalisation
Continuing the work from chapter 4, there remain many more opportunities for understanding
biological impacts and performing surface functionalisation of nanodiamonds. Although
oxidised nanodiamonds were found to not induce oxidative stress in cells, it is possible that
other harmful responses do occur. It would be possible to test more generally for inflam-
mation with a TaqMan™Array for Human Inflammation (4414074, Applied Biosystems,
ThermoFisher Scientific) or using polymer chain reactions for DNA damage [381]. Some
DNA damage from nanodiamonds has been seen in an experiment by Dworak et al. [365].
Building on the oxidation work, it is possible to functionalise the diamonds in order
to target mitochondria in the cell. In collaboration with Dr Ljiljana Fruk’s group in the
Department of Chemical Engineering and Biotechnology (University of Cambridge), a
process of surface modification has been proposed. This consists of the addition of dopamine,
tetrazole, malemide and triphenylphosphonium (TPP) as shown in Figure 5.1a and 5.1b.
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Fig. 5.1 a) Nanodiamond functionalisation scheme to target mitochondria. TPP is triph-
enylphosphonium. This is devised and worked on by collaborators Dr Antonia Kerbs,
Alexandra Fux and Dr Ljiljana Fruk. b) Chemical structure of (a). c) Some promising
steps on nanodiamond functionalisation have recently been observed. Modifications of the
nanodiamonds are displayed in this FTIR graph. Firstly, the oxidation procedure outlined in
chapter 4 was used to remove graphite and produce oxidised nanodiamonds. The nanodia-
monds were then further oxidised with strong acids and then reduced. This reduction can be
seen in the intensity reduction and shift to 1784 cm−1 of the C=O peak. The nanodiamonds
were then coated with dopamine, as verified by the appearance of a peak in the range 1450–
1530 cm−1, and the relative strengthening of the peak at 1580–1680 cm−1. These are both
clear in the pure dopamine spectrum. Furthermore, there appears to be a shoulder around
3000 cm−1 (labelled by an arrow), that is also evidence for successful dopamine attachment
to nanodiamond.
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Dopamine is used as a versatile foundation for other chemical attachment [382, 383], and
has been previously attached to nanodiamonds [384]. The tetrazole and malemide are then
proposed as fluorescent linkers that provide easier tracking on commercial microscopes than
the relatively dark NV− centre. TPP is a lipophilic cation that is commonly used to attach
molecules to mitochondria [385, 386].
To achieve this, the nanodiamonds that have been oxidised in air were further oxidised
with strong acids H2SO4, HNO3 and HCl for six days [387]. This is intended to remove the
final graphitic fragments and produce a good covering of -COOH surface groups. These
nanodiamonds were reduced with a borane tetrahydrofuran complex (BH3 · THF). Then,
dopamine is polymerised onto nanodiamonds in a 200 mM Tris bufferin a 10:1 ratio. Figure
5.1 shows promising evidence that these first steps are successful.
If this method is not successful, then other mitochondrial targeting methods are available,
such as small cell-penetrating peptides [388] or antibodies [308]. After this, it would be
desirable to repeat the biocompatibility experiments in chapter 4 on any newly functionalised
nanodiamonds.
5.2.4 Temperature in cells
After completing the surface functionalisation of nanodiamonds to target mitochondria, it will
then be possible to investigate a specific biological question as a demonstration of capability.
Over the past two years, there has been ongoing discussion in the scientific community about
the temperature of mitochondria that has centred around the publication of work measuring
it controversially at 50 ◦C [389, 390]. Nanodiamonds are capable of measuring temperature
to a precision of 0.2 K [81, 216], and so could provide convincing evidence to resolve this
problem.
The custom microscope described in chapter 2 has detected NV fluorescence inside cancer
cells. Figure 5.2 shows preliminary work that has achieved the detection of nanodiamond
aggregates inside cancer cells. In order to measure temperature using NV fluorescence it is
necessary to detect single NV centres, as has been done in other work [16]. Therefore, prior to
any temperature measurement experiment it may be necessary to optimise the concentration
of nanodiamonds and optimise the detection technique to find and track them, such as in
McGuinness et al. [14]. This would include a study of a suitable microwave power for the
cells.
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Fig. 5.2 Aggregates of nanodiamonds at 100µg/ml containing nitrogen vacancy centres
detected inside fixed A549 lung cancer cells. The maximum count rate is approximately
8000 s−1 at 32 µW of laser power. The concentration of diamonds needs to be reduced
towards detection of single nitrogen vacancy centres.
5.2.5 Measuring ∆Ψm through a cell death
Using a similar cell protocol as developed to measure mitochondrial temperature, it will then
be possible to measure mitochondrial membrane potential. This should be demonstrated by
comparison to a well-characterised membrane potential decreasing agent such as valinomycin
[32]. Nanodiamonds would be used to repeatedly probe the electric field as it decreased to
zero. This would then be correlated with changes detected through Raman spectroscopy
as already described, such as the release of cytochrome c from mitochondria, and nuclear
fragmentation.
Following from this, it would possible to use a standard chemotherapeutic agent such
as etoposide to induce apoptosis, and to track this process through NV centres and Raman
microscopy [255]. It is expected that the magnitude of the mitochondrial membrane potential
would first increase in magnitude and then decrease [45, 8, 41, 32]. It should be possible to
provide new insights into the mechanism of these chemotherapeutic agents, and perhaps to
better understand how they should be used. It would be particularly interesting to investigate
cancer cells that have modified ion channel expression that is thought to enable the avoidance
of apoptosis, a trait classified as a key hallmark of cancer [45, 43].
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5.2.6 Cancer stem cells
With nanodiamonds and Raman microscopy providing new insights into mitochondrial
membrane potential through the process of apoptosis, it is then attractive to investigate
broader biological problems. One example is to focus on cancer stem cells. There are
cells that are hypothesised to exist as undifferentiated cells that are responsible for the
occurrence, development and recurrence of malignant tumours [391]. These cells are noted
to have characteristics that are detectable with the techniques of this project, including
higher ∆Ψm and lower mitochondrial DNA content [391, 34]. Since these cells express
unique and interesting pathological reactive oxygen species, metabolic states and apoptotic
processes, they could be an important focus of study as future work [391, 34]. Furthermore,
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